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n-Bu normal-butyl = butyl 
tBu tert-butyl 









oC degree Celsius 
calcd. calculated 
cap ε-caprolactam 
cat. catalytic amount or catalyzed 
CCK cholecystokinin 
CD circular dichroism 
cod 1,5-cyclooctadiene 
conc. concentrated 
COSY correlated spectroscopy 
Cp cyclopentadienyl 
Cy cyclohexyl 
d day (s) or doublet (spectral) 
dba dibenzylideneacetone 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 
DBFOX (R, R)-4,6-dibenzofurandiyl-2,2’-bis (4-phenyloxazoline) 
DCE 1,2-dichloroethane 
de diastereomeric excess 
dec. decomposition 
(DHQD)2PHAL bis(dihydroquinidino)phthalazine 
DIAD diisopropyl azodicarboxylate 







DMSO dimethyl sulfoxide 
dr diastereomeric ratio 
DTBMP di-tert-butyl-4-methylpyridine 
E entgegen 
ED50 effective dose 50 
EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide  
ee enantiomeric excess 
EI electron impact 
EL Electro-Luminescence 
eq. equivalent 
esp α, α, α’, α’-tetramethyl-1,3-benzenedipropionate 
Et ethyl 
FAB fast atom bombardment 
h hour(s) 
HMQC heteronuclear multiple quantum coherence 
HPLC high-performance liquid chromatography 
HRMS high-resolution mass spectrum 
Hz herz 
IBX o-iodoxybenzoic acid 
IC50 inhibitory concentration 
IR infrared 
J coupling constant 
KHMDS potassium hexamethyldisilazide 
LHMDS lithium hexamethyldisilazide 
lit. literature 
M molar (mol/L) or molecular ion 
Me methy 
1-MeAZADO 1-methyl-2-azaadamantane N-oxyl 




M.p. melting point 
MS mass spectrometry or molecular sieves 
m/z mass to charge ratio 
NaHMDS sodium hexamethyldisilazide 
nap 4-methyl-N-(2-oxopiperidin-3-yl)benzenesulfonamide 
NBS N-bromosuccinimide 
NBSH p-nitrobenzenesulfonyl hydrazine 
N.D. not detected 




NMR nuclear magnetic resonance 
NR no reaction 
n.O.e. (NOE) nuclear Overhauser effect 
















rt room temperature 
sat. saturated 
TBAB tetrabutylammonium bromide 
TBAF tetrabutylammonium fluoride 














TLC thin layer chromatography 
TMS trimethylsilyl 
tpa triphenylacetyl 










































































































「１．Isatinのケトンカルボニル炭素に対する求核剤のエナンチオ選択的な付加 4b,5a-f」(Figure 3−1) 






































































































































ee : up to 94%ee
Krische (2009)










ee : up to 96%ee
Shibasaki (2009)
Nu = allyl silane, aryl silane







ee : up to 97%ee









合物 [gastrin/CCK-B 受容体アンタゴニスト:AG-041R (2)6、抗鬱抗不安薬:SSR-1494157、新規抗マラリア活























著者らが研究を開始した 2005 年の時点では、インドール骨格の 3 位に窒素原子を含んだ不斉四置換炭素を
基質一般的、高立体選択に構築する手法は例がなかったが、その途上において、数々の独創的手法が報告され


















































































1. オキシインドールエノレートとブロモ酢酸メントールエステルとのジアステレオ選択的なアルキル化 6a 
 2006年、江村らは gastrin/CCK-B受容体アンタゴニストとして見出されたAG-041R (2) の量的供給を指向し、
キラル補助基の活用を鍵とする以下の手法を開発した。すなわち、l-メントールブロモ酢酸エステル 4に対し、
オキシインドール 3から調製したリチウムエノレートを作用させることで、高ジアステレオ選択的アルキル化
反応を惹起し (88%de)、オキシインドールの 3位に窒素原子を含んだ不斉四置換炭素を構築した。 
 
2. キラルイミンを用いたジアステレオ選択的な Grignard試薬の付加 11a 
 2009年Silvaniらは isatinとキラルなエタノールアミンから調製したイミン6に対し、ルイス酸存在下Grignard
試薬を作用させると、ジアステレオ選択的に付加が進行し、中程度の選択性ながら 3位に不斉中心を構築でき








3. Pd触媒/キラル NHCリガンドを用いたアミドの分子内 α-アリール化 12b 
 Kündigらは 2008年、Pd触媒とキラル NHCリガンド 9を用い、アミドエノラートの分子内 α-アリール化に
































Scheme 1  Diastereoselective alkylation of oxindole enolate with l-menthyl bromoacetate













3 5 AG-041R (2)
4















77% yield, dr = 80:20
J. Org. Chem. 2009, 74, 4537
Scheme 3 Pd-catalysed asymmetric intramolecular α-arylation of amide enolates

























4. ビスシンコナアルカロイドを触媒とした 2-オキシインドールのα-アミノ化 11c 
Chenらは 1,1,2-trichloroethane (1,1,2-TCE) 中ビスシンコナアルカロイド存在下 2-オキシインドール 11に対し
アゾジカルボキシレート 12を作用させると高立体選択的にアミドの α 位がアミノ化されること報告している








5. Metal-Schiff base複合体を触媒としたアミノ化反応によるオキシインドールの両エナンチオマーの合成 11d 
 ごく最近に、柴崎らよって metal-Schiff base複合体を触媒としたオキシインドールのアミノ化反応による、



























X = alkyl, allyl, benzyl
Y = H, OMe, F, Cl, Br
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Scheme 4   Asymmetric organocatalytic addition of 2-oxindoles 11 with DIAD 12





























トレン種 20に対し、インドール環の C2位-C3位の π 結合からの攻撃を惹起して、インドールの3位に窒素原
子を含む不斉四置換炭素を構築するというものである (Scheme 6)。ここで、天然には、トリプトファンやトリ
プタミンの酸化的修飾によって合成されるオキシインドール類が多く存在していることから、インドールの3













ンスルホニルアジドに Cu触媒を作用させ、アジリジン 22およびアリルアミン 23を得、これよりナイトレン








その後，1982年、Breslowらはシトクローム P450を模倣した Fe(III) またはMn(III) tetraphenylporphyrin (TPP) 
が iodosylbenzene から cyclohexane などの炭化水素化合物へ酸素原子転移反応を触媒するという事実を参考に 
(Scheme 8-a)、Fe(III) またはMn(III) porphyin触媒存在下，窒素源として tosylimino phenyliodinane (TsN=IPh) を
作用させるという新たなナイトレン転移反応を開発した 14 (Scheme 8-b)． 









23 (3%) 25 (17.5%)
24 (37%)










































ているということを明らかにした 16 (Scheme 10-a)。しかしその後、1996 年 Müller らによって、
p-nitrobenzenesulfonyl amide (p-NsNH2) から調製したPhI=NNsとRh2(OAc)4の組み合わせがアジリジン化に効果








2001年、Du Boisらはナイトレン前駆体としてカルバメート 26を用い、PhI(OAc)2存在下、系中で iminoiodinane
を形成させ、Rh(II) カルボキシレート触媒を作用させてオキサゾリジノン 27 を得るという新たなメタルナイ

















(b) J. Chem. Soc., Chem. Commun., 1982, 1400
Mn(TPP) :  136% (based on catalyst)









Fe, Mn, Rh SO2
NH

























(a) J. Org. Chem. 1991, 56, 6744
(b) Tetrahedron Lett. 1996, 52, 1543









ジナン骨格 28を 20a (Figure 5-a)、またウレア骨格 29やグアニジン骨格 30を構築する手法 20b (Figure 5-b)、1,3-







他のナイトレン生成法として、Lebel はＮ-tosyloxycarbamate 32 をナイトレン前駆体とする手法を開発した 












の展開はごく最近になるまで極めて困難なものとされてきた (Figure 6)。事実、初の不斉 C−H挿入反応は、1997
年Müllerらによって報告されているが、Rh2(R-BNP)4 (BNP: binaphthylphosphate)を用いた場合、その光学純度
















Angew. Chem. Int. Ed. 2001, 40, 598









Rh catalyzed C-H insetion
tetrodotoxin

















30 ~ 91% yield







10 ~ 99% yield
(c) Angw. Chem. Int. Ed. 2009, 48, 2777
Figure 6  Enantioselective C−H insertion with Rhodium and Manganese catalysts
NHNs
Rh2(R-BNP)4 : 71%, 31%ee
NHTs
Mn(III)-porphyrin : 85%, 53%ee
NHTs
Mn(III)-salen : 71%, 89%ee































J. Am. Chem. Soc. 2005, 127, 14198























ンドを有する Rh2(S-TCPTTL)4を用いて、最高 84% eeの光学純度が発現する C−H 挿入反応を報告している 23 
(Figure 8-a)。この報告を契機にし、キラルロジウムナイトレン錯体を用いた不斉反応の選択性が向上していっ
た。 
2003 年、Che らは、スルホンアミドに対する分子内アジリジン化反応を検討した。彼らは Rh2(S-TCPTTL)4
を用いた場合 57%eeであった基質に対し、Doyleらによって開発された Rh2(S-MEOX)4を作用させると、アジ
リジン化が 76%eeで進行することを見出した 24 (Figure 8-b)。 
また Müllerらはスルファメートエステルに対し naphthalimide基を有する Rh2(S-NTTL)4を触媒として用いる
と、52%eeと中程度ではあるがエナンチオ選択性が発現することを報告し、スルファメートエステルを用いた
初の窒素原子転位反応に成功している 25 (Figure 8-c)。 
2006年、Daviesらは橋本らの Rh2(S-TCPTTL)4の側鎖部位を tert-butyl基から、さらにかさ高い adamantyl基
にすることで、indaneの C−Hアミノ化反応において 94%eeと非常に高い光学純度を誘起させることができる
Rh2(S-TCPTAD)4 を開発した 26 (Figure 8-d)。また、2007 年橋本らは tetrafluorophthalimide 基を有する
Rh2(S-TFPTTL)4 を触媒にし、シリルエノールエーテルのエナンチオ選択的なアジリジン化、続く酸性条件下、
環開裂によって 95%eeと非常に高い光学純度を有する α−アミノケトンの合成法を報告している 27 (Figure 8-e)． 
近年、Du Boisらは新たなキラル Rh触媒の開発の途上、Rh(II) カルボキシレート触媒が系中の酸化条件で分
解し構造変化しているという知見を得、触媒に安定性を付与するため、Rh(II) カルボキサミド型の触媒開発を
Figure 8  Recent examples of enantioselective nitrogen transfer reaction with chiral rhodium catalysts
NHNs
Rh2(S-TCPTTL)4 : 52%, 84%ee






Rh2(S-MEOX)4 : 90%, 76%ee








Rh2(S-NTTL)4 : 68%, 52%ee
(c) Tetrahedron Assymetry 2004, 15, 1019
Muller
NHNs
Rh2(S-TCPTAD)4 : 95%, 94%ee






(e) Org. Lett.  2007, 9, 2559
Hashimoto








(f) J. Am. Chem. Soc. 2008, 130, 9220
Du Bois









R=tBu, X=Cl  Rh2(S-TCPTTL)4
R=tBu, X=F  Rh2(S-TFPTTL)4


















Figure 7 The structures of chiral rhodium catalysts
10 
 
行った (Figure 9)。様々なリガンドを有するロジウム触媒を合成し、その酸化還元電位 (Eox(II→III)) を測定した
ところ、トシルアミドが連結し分子内で水素結合を形成している δ-ラクタムをリガンドとして有する触媒 33
の酸化還元電位が 330 mVと高かった。事実、このリガンドを有する触媒 33は、酸化条件に対する安定性が増













の構築を企画したが (Scheme 6)、類似した反応が 2002年 Padwaらによって 29、およびそれを不斉反応へと展
開したものが 2003年に Cheらによって報告されていた 30 (Scheme 13)。Padwaらは、カルバメート 34に対し、



















O O 2 mol%







→ II/III) % yield %ee
1 11 mv < 5 -
2 120 mv 22 54
3 242 mv < 5 nd



















4 : Rh2(S-nap)4 (33)
Figure 9  Evaluating catalyst performance for C−H amination
J. Am. Chem. Soc. 2008, 130, 9220














Padwa : Rh2(OAc)4    85%


















Angew. Chem. Int. Ed. 2010, 49, 1634










これに対し著者は、Figure 10 に示した側鎖に C2単位を含んだ天然物、化合物の合成を指向し、インドリル
エチルカルバメート基質19を用いたアザスピロ環化反応について検討を行うこととした。本反応においては、


















を合成し検討を行った。Rh2(OAc)4/ PhI(OAc)2を用いる Du Boisらの条件 18に付したところ、2位の置換基が化
学選択性に大きな影響を与えることを見出し、2-メチル体 19cが最も良好な化学選択性で望むスピロ環化反応
が進行し、環状カルバメート 37cを高収率で得ることができ、インドールの 3位に窒素原子を導入することに
成功した (Scheme 16)。なお、環状カルバメート 37cは、そのエナミン部位の酸化的な開裂によって、オキシ
インドール骨格38へと誘導可能であり、本反応が所期に掲げた目標に適うものであることを確認した (Scheme 
17)。詳細については本論第 1章第 1節で述べる。 
 





















































































































R2=H, Me (19c), Et, alkenyl, alkynyl
R3=CO, SO2
R4=H, 5-Br, 6-Br,  5-OMe























Rh2(S-PTPA)4 :      93%, 10%ee





























































有する医薬品候補品である AG-041R (2)6の合成を検討した (Figure 14)。 
AG-041R (2) は中外製薬によって開発されたガストリン/CCK-B 受容体のアンタゴニストであり、抗潰瘍薬
として期待される (CCK : コレシストキニン)。以下にガストリン/CCK-B受容体アンタゴニストの作用機序を







































































































































IC50 = 5.3 nM




て、種々のオキシインドール誘導体を調製し、ガストリンおよび CCK-B受容体の結合試験 (Figure 13, IC50) を
実施した。その結果、強力にガストリン受容体に結合し、胃酸分泌を抑制する化合物として AG-041R (2) を見
出した。 
また最近、開発の途上で AG-041R (2) は軟骨の過形成作用も見出されており、関節軟骨組織形成用製剤とし
ての開発も試みられている 6f。 
上記に示したような興味深い薬理活性を有する AG-041R (2) を、37oから 10段階を経て合成した。また、
AG-041Rの合成を通じて、合成したキラルな環状カルバメート 37cの絶対配置を決定した。この間の検討の詳











Chartelline A (1a)、 B (1b)、 および C (1c) は 1985年にコペンハーゲン大学の Christophersenらによって、北
海のコケムシ Chartella papyraceaから単離された海洋性アルカロイドである (Figure 15)9。Chartelline類はグラ
ム陰性および陽性菌，バクテリアに対する抗菌活性は示さず、in vitroの KB testで ED50値が 29 µg/ml，PS test
で 31 µg/mlの抗がん作用を示すことが報告されているが、詳細な生理活性は未だ検討されていない 9b。 
また，1987年に Christophersenらは同種のコケムシから chartelline類と類縁体の chartellamide A (39a) および










Chartelline A   R1,R2=Br (1a)
Chartelline B   R1=Br, R2=H (1b)












Chartellamide A  R=H  (39a)
Chartellamide B  R=Br  (39b)






































Chartelline Aの絶対構造は 1H、13C、HRMS、IR、CDスペクトルなどの各種スペクトルデータと X線構造解







Baranらは 2006年に chartelline Cの初の全合成を達成した 33b。全合成の詳細は後述するが、その合成研究途
上で chartellineのマクロ環構築には ring-closing metathesisやマクロラクトン化、Heck反応による環閉環は適用




















Weinrebらは、isatinと BuNH2から調製したイミン 40と、chloroacetyl chlorideと triethylamineから発生させ
た chloroketeneとの[2+2] 環化付加反応によって、 β-ラクタム 41aと 41bを 3:1のジアステレオマー混合物と
して高収率で構築後、(TMS)3SiHを用いるラジカル還元条件下の脱クロロ化と Boc基で活性化された γ-ラクタ



























Macrolactamization Heck-type ring closure
Scheme 19   Baran's attempts to construct the macrocyle of chartellines
16 
 

















 磯部、西川らは isatin imine 48とシリルケテンアセタール 49との向山-Mannich反応によってオキシインドー
ルの 3 位に四置換炭素中心を構築後、β-アミノ酸 51 を得ている。その後、縮合剤の検討の結果、
tris(2-oxo-3-benzoxazolinyl) phosphine oxide 52が最も良好な結果を与えることを見出し、スピロ-β-ラクタム 53
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Tetrahedron Lett. 2001, 42, 2631






















[Baranらのグループによる chartelline Cの全合成研究] 
Baranらは類縁体 securine 65の構造等から生合成模倣的な戦略に基づき、まず始めに chartelline類のコア部
の構築を報告している 33a (Scheme 22)。インドールフラグメント 57とイミダゾールフラグメント 58を薗頭カ
ップリング反応によって連結し、Pd/Cを用いた水素添加条件下、cis-オレフィン 60を構築している。その後、
4段階を経て得たフォスフォネート 61に対し、正宗-Roushらの手法によってマクロ環の構築に成功している。
得られた 62に対し、KHCO3存在下 NBSで処理するとピロロインドール 63を経た [1,2]-シフトによってスピ
ロ-β-ラクタム 64を構築できることを報告している。 
 
また彼らはこの報告の後、2006年に chartelline Cの全合成を達成している 33b。モデル研究で得た知見をブロ
モインドール 66に適用したところ、目的物であるスピロ-β-ラクタムではなく、アクリルアミド 67が得られて
しまうという予期しない出来事に見舞われた (Scheme 23)。種々検討の結果、3-ブロモインドレニン 69に対し、
18-クラウン-6存在下炭酸カリウムを作用させると中間体 70の窒素原子の [1,5]-シフトによってスピロ-β-ラク


















































































R=H     Securine A (65a)


















[Weinrebらグループによる chartelline Aのマクロ環構築に関する研究] 
 2006 年、Weinreb らのグループは上述した 2001 年に得た知見を用い、マクロ環構築に関する検討を行って
いる 34b (Scheme 24)。Boc基で活性化された γ-ラクタム 72に対し、73から発生させたリチウムアセチリドを
付加させ、付加体 74を高収率で得ている。そこで彼らは 74から 2工程で導いたアルデヒド 75に対し酸性条
件下 Meyer-Schuster 転位反応を惹起し、ビニロガスアミド 76 へと変換し、その後分子内でのエナミンの形成
によってマクロ環 77を構築することを計画していた。しかし実際は 76からアルドールタイプの環化反応が進
行し 7員環 78が得られ、目的とするマクロ環構築には成功していない。 
 
 また、彼らは同年、β-クロロエナミド構築に関する報告も行っている 34c (Scheme 25)。1,2-ジハロアルケン 81
と β-ラクタム 80 を Buchwald 条件下カップリングさせると、幾何および位置選択的に β-クロロエナミド 82
が構築できることを見出している。 


































































































[Magnusらによる chartelline Cの合成研究] 



























































































78  R = H
79  R = Boc
J. Org. Chem. 2006, 71, 3159
Boc2O
55% (3 steps)
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 西川、磯部らは 2004 年 Synlett 誌に報告した、アミド窒素原子上での求核置換反応 36bによる、スピロ-β-ラ
クタム構築法を実際の chartelline Cの合成に適用するため、その前駆体である N-ヒドロキシエナミド 91の合
成法の開発を行った (Scheme 27-a)。種々検討の結果、彼らは、後の脱保護の簡便性から O-アリルオキシム 94
を用い、そのものと酸クロライド 93 が速やかに反応することを見出し、N-ヒドロキシエナミドの合成法を確
立した 36c (Scheme 27-b)。そこで、彼らはこれまでに得た知見を用い、chartelline Cのマクロ環構築の検討を行
った 36d (Scheme 27-c)。インドールフラグメントとイミダゾールフラグメントの薗頭カップリング反応でボト
ムリムを連結し、酸クロライドへと変換した 96 に対し、オキシムとのマクロ環化反応を検討している。しか
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quaternary carbon center coupling






















1.           O3
    CH2Cl2/ MeOH
          ; Me2S
2. Boc2O
    86% (2 steps)
38 53




上述したWeinrebや西川らの例 (Scheme 24 and 27) から判断すると、現在 chartelline類の合成研究において
困難な課題の一つとなっていることは、「アッパーリムの連結」である。 










 2-2 (Z)-オレフィンの構築の検討 
 薗頭カップリング反応によるボトムリムの連結を達成したので、アルキン 150から(Z)-アルケン 151への部
分還元の検討を行った (scheme 31-a)。しかし、種々条件検討を行ったが、現在のところ(Z)-アルケン 151の構
築には至っていない。また、(Z)-アルケニルスタナン 154 を用いた Stille カップリングによる(Z)-アルケン 151
の構築も試みたが、望むカップリング成績体を得ることはできなかった (Scheme 31-b)。この間の詳細な検討











 2-3 アッパーリムの連結に関する検討 
 アルキンの部分還元、Stilleカップリング反応による(Z)-アルケンの構築がこの段階では困難であることが示
唆されたので、(Z)-アルケン部の構築は合成の終盤で行うこととし、アッパーリムの連結について検討を行っ















































































































































TES 1. Deprotection of TES group
2. Conversion alchohol 

























第 1節 Rh2(OAc)4を触媒としたアザスピロ環化反応の開発 
     
 インドールの 3 位に窒素原子をエナンチオ制御下に導入させるアザスピロ環化反応を開発するため、まず、
インドリルエチル側鎖を有するカルバメート基質 19 においてアザスピロ環化反応を惹起する要因の特定を目
指し検討を行った。 
Indolylethyl carbamate 19aの合成 
 市販のインドール酢酸エステル 98に対し、インドールの窒素原子を Boc基にて保護した。その後、エステ
ル部を LiAlH4を用いて還元し、生じたアルコール 99 に Kocovsky らの手法 38に準じ trichloroacetyl isocyanate
を作用させ、粗トリクロロアセチルカルバメートへと導いた後、MeOH中 K2CO3を用いてトリクロロアセチル
基を除去しカルバメート 19bを 95%の収率で合成した。続いて、CH2Cl2中 TFAで処理して 19bの Boc基を脱







得られたカルバメート 19aに対し Du Boisらの条件 18、すなわち 0.1 Mの CH2Cl2中 1.4当量の PhI(OAc)2と








 そこで、インドール環上の電子密度を低下させるため、インドール上の窒素原子を Boc 基で保護した基質
19b を用いて検討を行った (Scheme 35)。その結果、基質の酸化的な分解は抑制され、望みのアザスピロ環化




CO2Et 1. Boc2O, Et3N
    DMAP, CH2Cl2
2. LiAlH4, THF, 0 oC











98 99 19b  R = Boc
19a  R = H
TFA, CH2Cl2
0 oC, 90%



































2-Methylindolylethyl carbamate 19cの合成 
 レブリン酸とフェニルヒドラジンから、Fischer インドール合成によって 2-メチルインドール酢酸エステル
100を調製した 39 (Scheme 36)。その後、100の窒素原子を Boc基にて保護し、エステル部の還元、生じたアル















    DMAP, CH2Cl2
2. LiAlH4, THF, 0 oC
















































































2-Ethylindolylethyl carbamate 19dの合成 
 19dの合成は以下のようにして行った (Scheme 37)。インドール酢酸エステル 98に対し、NBSを用いて位置
選択的に 2位を臭素化した 33a。その後、インドールの窒素原子を Boc化し、TMSアセチレンとの薗頭カップ
リング反応によって 2位を 76%の収率でアルキニル化した。アセチレン末端の TMS基を EtOH中 K2CO3を用















2-cis-Alkenylおよび 2-alkynylindolylethyl carbamate 19e, 19gの合成 
 19eと 19gの合成は以下のようにして行った (Scheme 38)。2-ブロモインドール 103と tert-ブチルアセチレン
との薗頭カップリング反応によってカップリング体 107 を 77%で得た。その後、DIBAL-H を用いてエステル
部を還元し、生じたアルコール 108をカルバモイル化することで 19gを得た。また 19eの合成は、19gのアセ
チレン部のシス還元による合成を検討したところ、Lindlar 触媒存在下では全く反応が進行しなかったため、








































CO2Et 1. H2, Pd/C
    AcOEt
2. LiAlH4, THF




















































Scheme 38 Synthesis 19e and 19g
27 
 
2-Vinylindolylethyl carbamate 19fの合成 
19f の合成は以下のようにして行った (Scheme 39)。2-ブロモインドール 103 とビニルトリブチルスズとの








 調製したインドリルエチルカルバメート 19c~19gを用い、アザスピロ環化反応を検討した (Table 1)。 
まず、2-メチル体 19cを用いて検討を行ったところ、望みのアザスピロ環体 37cを 91%という高い収率で得
ることができた (entry 1)。ここで、生成物として当初予想していたアセテート付加体 37c’やインドレニン 37c’’
ではなく、メチル基のプロトンが脱離した exo-メチレン構造体が得られたことは興味深い (Figure 17)。次に、
2-エチル体 19d について検討したところ、若干の C−H 挿入体 36d が生成するが (10%)、依然として高い化学
選択性でアザスピロ環化反応が進行した (85% yield、entry 2)。更なるアザスピロ環化反応の基質適用性を明ら
かにするため、2-アルケニル体 19eおよび 2-アルキニル体 19gを、Du Boisらの条件に付した。その結果、2-
アルケニル体 19eからは 2位にアレン構造を有するアザスピロ環化体 37eが 43%収率で得られてくるものの、
25%程度の C−H挿入体 36eの生成が認められ (entry 3)、また 2-アルキニル体 19gからは C−H挿入体 36gが生



























    THF, 0 oC
2. Cl3CCONCO
     CH2Cl2, 0 oC
   ; K2CO3, MeOH
















 続いて Du Boisらによって良好なナイトレン前駆体となることが報告されているスルファメートエステル部
を有する基質 19h、19iに対するアザスピロ環化反応を検討した 20a (Scheme 40)。 
 スルファメートエステルをナイトレン前駆体とした場合、基質の分解が伴ったため、収率はそれぞれ 24%、
























































































a  E or Z ratio was 1:0.9
b  The ratio was dermined by crude 1H-NMR













37c 37d 37e 37f 37g
36c 36d 36e 36f 36g








IR = 1970 cm-1




















化修飾法を検討していた Padwaらの報告 29を基に考察すると、以下のように説明できる (Scheme 41)。 
①超原子化ヨウ素を用いたカルバメート基の酸化による iminoiodinane Aの形成 
②ロジウムナイトレン錯体 Bへの変換 

























































































































なおこの考察は 2005 年に Lebel らによって報告された例からも支持される 21a。彼らは、ホモアリルカルバ
メート 110に対し Rh2(tpa)4を作用させた場合、C−H挿入体 111のみを得ている。一方、より電子豊富な二重結
合を有するホモアリルカルバメート 113に対し同条件に付すと、C−H挿入体 114とアジリジン 115が約 1:1の
比で得られた事を報告しており、二重結合の電子密度が本反応の化学選択性に重要な役割を果たしていること













































































J. Am. Chem. Soc. 2005, 127, 14198
Scheme 42  Importance of the nucleophilic character of the double bond to the chemoselectivity
more electronrich double bond
31 
 
 3. スルファメートエステル 19h, 19iにおける高化学選択性の理由 
 Du Boisらによってスルファメートエステルからは 5員環より 6員環形成反応が優先することが明らかにさ
れている 20a。これは、カルバメートの C−O、C−N結合に比べ、スルファメートエステルの S−O、S−N結合が











 スピロ環化体 37c のエナミン部位をオゾンを用いて酸化的に開裂させ、オキシインドール骨格を構築した。
生成物が難溶性化合物であったが、環状カルバメートの窒素原子を Boc基で保護することで、この問題を解決
することができ、2段階 86%の収率でオキシインドール 38cを得ることができた (Scheme 44)。 
オキシインドール骨格への変換を実現し、本反応が所期に掲げた目的に適うものであることが確認できたの
で、次にベンゼン環上の置換基の効果を検証した。今回用いたインドリルエチルカルバメートは、インドール
環の電子密度に与える影響を精査するため以下のものを用いた (Figure 19)。  
 
 合成した種々の 5位または 6位置換型インドリルエチルカルバメート 19j~19nを用いてアザスピロ環化反















































   CH2Cl2/MeOH
         −78 oC
    ; Me2S
2. Boc2O, Et3N
    DMAP, CH2Cl2
    86% (2 steps)




















検討の結果、5-OMe体 19j、5-Br体 19kおよび 6-Br体 19lは良好な収率でスピロ環化体を与えることが分か
った (entries 2, 3, 4)。また、6-NO2体 19mにおいては反応終了後の生成物はスピロ環化体ではあったが、エキ
ソメチレン構造ではなく、アセテートが付加した生成物 37m’であった (entry 5)。本化合物は、ジクロロエタ
ン中加熱還流させることで、エキソメチレン構造 37mへ変換可能であった。 
以上までの検討で、本反応は電子供与基 (-OMe) および電子求引基 (-Br, -NO2) の影響をほとんど受けずに
進行することが明らかとなった。 
 5-AcNH基質 19nにおいては、スピロ環化体 37nの収率は 18%と低収率であった (entry 6)。基質 19nを用い
た場合、他の基質とは異なり、反応系中の Rh触媒の鮮やかな緑色が時間の経過とともに黄色へと変化してい
くのが観測された。 
Du Boisらによって触媒の色が変化する現象が報告されている(Figure 20) 41。触媒の色が変化する現象は、
Rh(II)/Rh(II) dimer である Rh2(OAc)4が反応系中の酸化条件で 1 電子酸化を受け、Rh(II)/Rh(III) dimer である
[Rh2(OAc)4]+と酸化されているためであることが示唆されている。Du Boisらはこの Rh触媒の酸化機構につい
て検討を行い、PhI(OAc)2の代わりに PhI(OPiv)2を酸化剤として用いることで、Rh 触媒の酸化による分解を抑





entry R time (h) yield
1 H (19c) 10 91%
2 5-OMe (19j) 9 81%



























































となって収率 18%と低収率に留まっていると推察した。そこで、Du Boisらの報告に従い、酸化剤を PhI(OPiv)2

























i.  Oxidant = PhI(OAc)2





















触媒について検討を行うこととした (Figure 21)。 
 前節の検討において、最も良い化学選択性を示した 2-メチルインドリルエチルカルバメート 19cを基質とし、









始めに、(S)-フェニルアラニンから誘導される市販の Rh2(S-PTPA)442をカルバメート 19cに作用させた (Table 
3, entry 1)。その結果、化学収率 93%、光学純度 10%eeとエナンチオ選択性は低いが、キラルなスピロ環化体
37cを得た。なお、本検討の光学純度に関しては、スピロ環化体の窒素原子を Boc基で保護し 116とした後に
CHIRAL PAK® AD-H (i-PrOH/hexane = 1:10) を用い HPLC分析により決定した。次に tert-ロイシンから誘導し
アミノ酸側鎖が立体的にかさ高くなった Rh2(S-PTTL)443を用いたところ、目的のスピロ環化体 37cの光学純度
が 67%eeまで上昇したが、化学収率が 34%にまで低下し、C−H挿入反応体 36cが 46％生成する結果となり化
学選択性が低下した (entry 2)。続いて、フタルイミド基の 4つの水素原子を電子求引基であるフッ素原子で置
換した tetrafluorophthalimide 基を有する触媒 Rh2(S-TFPTTL)444を作用させた。その結果、収率 62%、90%ee と
収率、不斉収率共に向上することを見出した (entry 3)。さらなる不斉収率の向上のため tatrachlorophthalimide
基を有する触媒 Rh2(S-TCPTTL)423,45を作用させたところ、37c の収率は 35%まで低下してしまったが、94%ee
まで不斉収率を向上させることができた (entry 4)。また、Rh2(S-TCPTTL)4の tert-butyl 基をさらに立体的にか
さ高くした 1-adamantyl 基をアミノ酸側鎖として有している触媒で、Davies らによってその触媒活性が
Rh2(S-TCPTTL)4よりも優れていることが示されている Rh2(S-TCPTAD)426についても検討を行ったところ、化
学収率 36%、不斉収率 94%eeと Rh2(S-TCPTTL)4と有意な差が見られなかった (entry 5)。 
























































の CH2Cl2において、二量体の生成 (詳細な構造は不明) が副生成物の質量分析により示唆されたため、0.01 M
と高希釈条件に付した。その結果、二量体の生成が抑えられ 53%収率、94%eeで目的物 37cを得ることができ






アルデヒド 117 の詳細な生成機構は不明ではあったが、塩基について検討を行った。なお MgO は Du Bois
が種々条件検討を行って見出した塩基である 18。まずMgと同族の Ba、Caの酸化物である BaO、CaOについ
て検討を行った (Table 4, entries 3 and 4)。これらの塩基は望むスピロ環化体 37cの収率、およびアルデヒド 117
との生成比についてMgOと有意な差がなかった。次に Cs2CO3を用いて検討を行ったところアルデヒド 117の




















aza-spiroannulation (37c) C−H insertion (36c)
















a Determined by chiral HPLC (Chiralpack AD-H)
















































を用いた。それぞれ 52%、54%と収率が改善され、特に K2HPO4はアルデヒドの生成も 4%に抑えられた。そ
こで試薬の当量を増やし、原料を消失させたところ、収率を 70%まで改善することができた。しかし不斉収率
を測定したところ、61%eeまで低下した (entry 9)。本条件では、反応終了後 Celites®濾過を行ったところ、entries 

















 次に溶媒について検討を行った (Table 5)。Benzeneや tert-butyl methyl ether中で反応を行ったところ、アザ
スピロ環化体の収率の大幅な低下が観測された (entries 2 and 3)。AcOEtを用いた場合、アルデヒド 117の生成
を 4%まで抑えることができたが、C−H挿入体 36cが 17%生成し、アザスピロ環体 37cの収率は 43%と改善し
なかった (entry 4)。溶媒として acetonitrileを用いた場合は、アルデヒド 117の収率を 9%にまで抑え、また 37c





























1    36%
(94% ee)
3 45% 9% 9%
4 39% 13% 11%
5 29% N.D. 55%





7 2,6-di-tert-butyl4-methylpyridine 52% 12% 11%
6 proton sponge N.D. N.D. 90%
8 54% 4% 18%
9a     70%
(61% ee)
8% 0%
a Rh catalyst 7 mol%, PhI(OAc)2 1.6 equiv. and MgO 3.0equiv. was used. b Yield was determined by crude 1H-NMR























 2007 年 Du Bois らは、シクロプロパノール由来のスルファメートエステル 118 に対し、PhI(OPiv)2存在下
Rh2(esp)2を作用させたところ、望みの C−H挿入体 121の他に副生成物としてシンナミルアルデヒド 122が 20%
生成することを報告している (Figure 22) 46, 47。彼らはこの 122の生成機構として以下のメカニズムの可能性を
示唆している。1) スルファメートエステル 118 と PhI(OPiv)2、Rh2(esp)2からの N-sulfamoylラジカル 119 の生






































Figure 22  Proposed mechanism of the production of aldehyde 122 by Du Bois





















































a  NMR yield


















位が酸化されてからカルバモイル基が脱離しているかを検討するために，アルコール 101を Du Boisらの条件





































37c (56%)Rh2(S-TCPTTL)4 (7 mol%)
117 (16%)
   PhI(OAc)2 (1.6 equiv.)
       MgO (3.0 equiv.)
galvinoxyl,
   free radical (0.1 equiv.)
        CH2Cl2 (0.01 M)
             reflux
Galvinoxyl,  
            free radical





























 ここで、詳細な文献調査を行ったところ、類似のロジウム種による酸化反応が Doyleらによって 1-indanol 
















の α 位の C−Hからヒドリドとして引き抜く機構である (Scheme 51-a)。また二つ目は、カルバモイルオキシ基
の α 位の C−H結合に対し挿入反応が起き、その後、HNCOまたは CO2が脱離することでアルデヒドが生成す
るのではないかと考えた (Scheme 51-b)。 
以上の仮説を基にアルデヒドの生成を抑制するため、カルバモイルオキシ基の α 位の C−H結合を強固な結
合にすることを考案した。もし、C−H 結合を強固な結合にすることが可能であれば、C−H 結合の切断が抑制
され、アルデヒドの生成を抑制できるのではないかと考えた。 
 ここで、著者は、谷野、宮下らの norzoanthamine合成における次の報告に着目した (Scheme 52)。彼らはメ
チルケトン 125をアルキン 126へ変換する際に、非重水素化基質 125aにおいて目的物 126aが 66%、その他に
30%もの大量の副生成物 127aが形成してくる結果となっていた。彼らは副生成物 127aは 128からの 1,5-hydride 
shiftによって形成していると考え、重水素化基質 125b を合成し、同条件に付したところ、同位体効果によっ














































基質の調製を行った (Scheme 53)。エステル 128を LiAlD4で処理してアルコールへと還元し、重水素原子を酸
素原子の α 位に導入した。その後、アルコールをカルバモイル化し、重水素化基質 19o を合成した。得られ
た 19oに対し、Rh2(S-TCPTTL)4を作用させたところ、期待通りアルデヒドの生成は抑制され、キラルなスピロ











































R=H   125a
R=D   125b
R=H   126a (66%)
R=D   126b (81%)
     Tf2O
2,6-di-tBuPy

















R=H   127a (30%)































 ; K2CO3, MeOH
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90%
      





        


































ことが判明した (entries 1, 2, 3, 4, and 5)。特に、インドールの 6位にブロモ置換基を有する基質 19lは、chartelline 
Cと同じ置換様式の基質であり、本基質においてもスピロ環化反応が高エナンチオ選択的に進行した (entry 4)。
5-AcNH 体 19n は上述したように、PhI(OAc)2を用いると、基質及び触媒の分解が観測されたため、PhI(OPiv)2
を用い、25%と低収率ではあるがキラルなスピロ環化体 37nへ導いた (entry 6)。 
なお、本検討で合成した 5置換、6置換型の生成物の絶対配置については以下のようにして決定した (Scheme 






















































[α]D23 +59.5 (c 0.43, CHCl3)
Br
Scheme 54  Confirmation of absolute configuration
entry R time (h) yield
1 H (19c) 48 53%
2 5-OMe (19j) 9 50%
(70%)b











































 またここで興味深いことに、エナンチオ選択性が若干低下した基質 5-Br体 19kおよび 6-Br体 19lに対し、
酸化剤として PhI(OAc)2の代わりに PhI(OPiv)2を用い反応を行ったところ、それぞれ 92%ee、93%ee とエナン


































第 3節 ガストリン/CCK-B受容体アンタゴニスト AG-041Rの合成とアザスピロ環化体の絶対配置の決定 
  
開発した不斉アザスピロ環化反応の有用性を立証するため、中外製薬においてガストリン/CCK-B 受容体ア
ンタゴニストとして見出された AG-041R (2) の合成を行った (Figure 23)。なお AR-041Rは光学活性体として












コール 131に対し、当研究室で開発された 1-methyl-2-azaadamantane N-oxyl (1-Me-AZADO) 50aのオキソアンモ
ニウムイオン (132) を用いるアルコールからカルボン酸へのワンポット酸化反応 50bに付したところ、酸化反
応が速やかに進行しカルボン酸が得られた。MeOH 中 CH2N2で処理しメチルエステル 133 とし、TFA を用い
て Boc基を脱保護した。生じたアミノ基に対し p-tolyl isocyanateを作用させ、ウレア 134とし、インドールの
窒素原子を DMA中 bromoacetaldehyde diethylacetal、tBuOKを用いてアルキル化し環状ウレア 135を 3工程 23%
の収率で得た。続いて、環状ウレアを EtOH/H2O中 KOHを用いて開環させ、生じたカルボン酸部を EDC存在
下、p-toluidineとの縮合によって AG-041R (2) の合成を達成した 51。 
 
 合成した AG-041Rの旋光度を測定したところ、[α]D25 + 30.6 (c 0.76, CHCl3) と文献の旋光度 [α]D22 + 27.9 (c 




















































































































1.         O3             
   CH2Cl2/MeOH
         −78 oC
    ; Me2S
2. Boc2O, Et3N
    DMAP, CH2Cl2









           MeCN
   tBuOK, TBAI
         DMA
23% (3 steps)
1.     KOH
     EtOH/H2O
2. p-toluidine
     EDC  HCl












           100%
OEt
[α]D25 +30.6  (c 0.76, CHCl3)
lit.[α]D22 +27.9  (c 3.05, CHCl3)















 1993 年橋本らは、彼らが開発したキラルな二核 Rh 触媒錯体 Rh2(S-PTPA)4の X 線結晶構造を報告している














 一方、2009 年 Fox は Rh2(S-PTTL)452、Charette らは Rh2(S-PTV)4および Rh2(S-TCPTV)4の X 線結晶構造解析
にそれぞれ成功し 53、橋本らが報告した up-up-down-down構造とは異なった構造を報告している。 































Figure 24  X-ray structure of Rh2(S-PTPA)4

































1. 立体要求性の大きい tert-ブチル基が触媒のアキラルな面の反応性をブロックし、同じ面に配向している 4
つの phthaloyl基でキラルな反応場を作り出している。 
2. 触媒のキラルな面には完全な円形ではなく、空間的に空いている方向 (15 Å)と狭い方向 (11 Å) がある楕
円形の形をしている。 
3. 向き合う 2つの phthaloyl基が Rh−Rh方向に張り出し、残りの 2つは僅かに傾斜した形をとることで、溶
媒 (AcOEt) を除けば C2対称の構造をとっている。 
 
また、Charetteらは Rh2(S-PTTL)と Rh2(S-TCPTTL)4の溶液中での構造解析も行っている 53 (Figure 26)。彼ら
は、それぞれの触媒の 1H-13C heteronulear NOESY相関スペクトルを測定し、フタルイミド基の水素原子がクロ
ロ基で置換された Rh2(S-TCPTTL)4は溶液中においてもすべてのフタルイミド基が upの構造を保持しているこ






































































































1. 絶対配置 Rの発現機構について 
 カルバメート基と PhI(OAc)2から iminoiodinaneが生成し、このものが Rh触媒と反応しロジウムナイトレン
種が生成する。その際、figure 27に示すようにインドリルエチル部は触媒の chiral crown構造の空間的に空い
ている位置に配置される。その後、インドール部がロジウムナイトレンに接近する際に、紙面の奥側 (Figure 

















や Rh2(S-PTTL)4を用いた場合、触媒構造が up-up-down-down 構造 [Rh2(S-PTPA)4] や一つのフタロイル基がフ









































Rh2(S-TCPTTL)4をキラル触媒として用いることで、芳香環上の置換基 Xが電子供与基 (X = OMe)、求引基 (X 
= Br, NO2)、いずれの基質においても、良好な化学収率及び光学純度を有する 37j~37nが得られた。なお、37c
はエナミン部位の酸化的開裂によって、オキシインドール骨格へと誘導可能であり、3-アミノオキシインドー
ルの触媒的不斉構築法の開発に成功した。 
 次に、開発したエナンチオ選択的アザスピロ環化反応によって得られた 37oから gastrin/CCK-B受容体アン
タゴニスト AG-041R (2) の合成を達成し、本反応の有用性を実証することができた。また、AG-041R の合成









































X = H, 5-OMe, 5-Br,
      6-Br, 5-NO2
























Scheme 56  Short summary
49 
 
第 2章 Chartelline 類の不斉全合成研究 
 







53の不斉合成を検討した (Scheme 57)。なお、本検討では 37cと共に、前章のアザスピロ環化反応において収
率改善に有効であった重水素化体 37o (96%ee) も原料として用い、53まで導いた。 
 
スピロ環化体 37c, oのエナミド部をオゾン分解しアミドへ変換後、環状カルバメートの窒素原子を Boc基で
保護し、MeOH中 K2CO3を作用させて環状カルバメートを開環し、β-アミノアルコール 131c, oを得た。131c, o
のアミド部を 1.5当量の炭酸カリウム存在下 1.5当量のジメチル硫酸を用いて位置選択的にメチル化し、136c, o
へ変換した。 
次のアルコールのカルボン酸への酸化反応において、重水素化基質 136o は同位体効果による反応速度の低
下が危惧されたが、5 mol%の 1-Me-AZADOのオキソアンモニウムイオン (132)を用いる酸化反応 50bに付した
ところ、非重水素化基質 136cは約 40分で反応が終了したのに対し、重水素化基質 136oは約 60分で終了し、
顕著な反応速度の低下は見られなかった。 
その後、カルボン酸 137の Boc基を TFAを作用させて脱保護し、イオン交換樹脂 (DOWEX) を用いて精製
し、β-アミノ酸 51を得た。この β-アミノ酸に対し、西川ら報告に従い 36a、acetonitrile溶液の 0.01 M高希釈条
件下、1.5当量の tris (2-oxo-3-benzoxazolinyl) phosphine oxide 52 54を作用させたところ、47%の収率でキラルな
スピロ-β-ラクタム 53を合成することに成功した 55。なお 53のβ-ラクタム構造は IRで 1774 cm−1のピークを確












































R=H   37c









R=H   136c (87%)












R=H   38c (86% for 2 steps)








R=H   131c (88%)













1.         O3
    CH2Cl2/MeOH
          −78 ℃
2. Boc2, Et3N
    DMAP, CH2Cl2
            NaClO2






















      Et3N
MeCN (0.01M)
      reflux




[α]D25 + 46.0 (c 0.47, CHCl3)









 まず、2005 年の Baran らのマクロ環構築に関する報告 33aを参考に、最も確実性の高い薗頭カップリング反










トリフラート 138の合成 (Scheme 59) 
 アルコール 131cに対し、−40 oCで TBSOTfを作用させ、アルコール部を TBS基にて保護した。得られたラ




れてしまうことがあった。そこで、種々精製手法を検討した結果、Merck社の Silica gel 60 F254の TLC上では
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 イミダゾールフラグメントはビニル体 143を合成しているWoodらの報告 58を基に合成した (Scheme 60)。
イミダゾール 140 の窒素原子をベンジル基で保護し、1.0 当量の NBS を用いて位置選択的に臭素を導入した。
その後、3.0当量の LiCl、2.5 mol%の Pd(PPh3)4存在下 1.3当量の tributylvinyl tinを作用させ、ビニル基を導入
し 143を定量的に得た。得られた 143に対し 2,6-lutidine存在下 59、Lemieux-Johnson反応によってビニル基を
酸化的に開裂させ、アルデヒド 144へと変換した。生じたアルデヒドをアセタール基として保護し、窒素原子
のベンジル基の脱保護を THF中 Pd/Cを用いて行い、エステル部の還元、生じたアルコールを IBX酸化に付し、













 続いて、得られたトリフラート139とアルキンを用いた薗頭カップリング反応 61を検討した (Table 7)。まず、
Baran33らと西川らの報告 36dを参考に、イミダゾールの窒素原子が無保護のアルキン 146 を用いて検討を行っ
た。トリフラート 139に対し、THF中 Et3N、CuI存在下 20 mol%の Pd(PPh3)4と 1.5当量のアルキン 146を作用
させたところ、望みのカップリング反応は全く進行せず、トリフラート 139が系中で分解し生成したラクタム
138が回収されるのみであった (entry 1)。そこで、Pd触媒や Cy3P･HBF4や tBu3P･HBF462、Mes3P63などのフォ
スフィンリガンド、TBAI64などの添加剤の添加を検討したが、いずれの場合においても、ラクタム 138が回収































































































行った (Scheme 61)。アルデヒド 144をアセタール基で保護、エステル部の還元、生じたアルコールを当研究
室で開発された 1-Me-AZADOを触媒として用いた酸化反応 50aに付し、アルデヒドとし、Ohira-Bestmann法 60
によってアルキン 149を 4 step 72%の収率で得た。 
 合成した 149を用いてトリフラート 139とのカップリング反応を検討した。1当量のアルキン 149を用い、
10 mol%の Pd(PPh3)4、30 mol%の CuI条件下に付したところ、反応が速やかに進行し、目的とするカップリン


































entry Pd (mol%) additive (equiv.) time (h)temp. resultsolvent
1 Pd(PPh3)4 (20) THF rt 24 138 (49%)
2 Pd2(dba)3  CHCl3 (5) Cy3P  HBF4(0.2) THF rt to reflux 6 138 (53%)
3 Pd2(dba)3  CHCl3 (5) tBuP  HBF4(0.2) rt to reflux 7.5 138 (43%)
4 Pd(MeCN)2Cl2 (5) tBuP  HBF4(0.2) rt 24 138 (63%)



















































          0 oC
3. 1-Me-AZADO (3 mol%)
     NaOCl , Bu4NBr, KBr



























第 3節 cis-オレフィンの構築に関する検討 (アルキンのシス還元) 
 
 第 2節で効率的にカップリング反応を進行させることに成功したので、本節では chartellineの C10-C11位の
cis-オレフィンの構築に関する検討結果について示す。 
 
 薗頭カップリング反応によって得られたアセチレンに対し、種々の部分還元条件を検討した (Table 8)。 
 まず、アセチレンのシス還元の通常の条件である Lindlar 触媒を用いた接触水素化を試みたが、反応は全く
進行せず原料回収に留まった (entry 1)。そこで、Baran らが chartelline の合成研究において用いていた、Pd/C




みの cis-オレフィン体 151 へは導けなかった (entries 3−5)。続いて、Schwartz 試薬 67や Wilkinson 触媒 68、Pd
触媒などの均一系金属試薬による水素化 69を試みたが、いずれの場合においても原料が回収されるのみであっ
た (entries 6−8)。 
 これまでに検討した条件、いずれの場合においても、所望の cis-オレフィンを構築することができなったの
で、このアセチレンの反応性を検証する目的で Birch還元条件や Strycker試薬 70を用いた還元を検討したが、
































entry reagent (equiv.) solvent temp. time result
1 Lindlar cat. (30 w/w%) AcOEt rt 27 h NR
2 Pd/C (20 w/w%) EtOH rt 4 h complex mixtures







3 Pd/C (20 w/w%)
quinoline (1.5)
EtOH rt to 60oC 10 h complex mixtures
5 NBSH (3.0), Et3N (3.0) iPrOH/THF rt 24 h NR
6 Zn (Cu/Ag) MeOH/H2O rt 2.5 h complex mixtures
7 Cp2ZrHCl (3.0) THF 0 oC to 40 oC 4 h NR
8 Rh(PPh3)3Cl (0.2), H2 benzene rt to 60 oC 8 h NR
9 Pd2(dba)3  CHCl3 (0.05)
PBu3 (0.2), Et3N (2.0)
HCO2H (2.0)
THF 0 oC to 40 oC 12 h NR
10 Na (27.5), NH3 Et2O −78 oC 1 h dec.
11 [(Ph3P)CuH]6 (0.25) benzene/H2O reflux 4 h uncharactarized
              products

















 実際に、TBAFを用いて TBS基を脱保護し、アルコール 152aを得た。ここで、このアルコール 152aの 1H-NMR
を観測したところ、単一の生成物ではなく、アルコール部が閉環した異性体 152bとの混合物であった。 
 得られたアルコール 152a と 152b の混合物に対し、Pd/C を用いた水素添加反応を検討した。しかし、期待










































































































 Stilleカップリングに必要な(Z)-アルケニルスタナン 155は以下のようにして行った (Table 9)。 
 Scheme 61に示した合成中間体のアルデヒド 148に対し、Ph3P+CH2I I− 71を用いた Stork-Zhaoらの手法 72によ
って(Z)-アルケニルヨージド 154を 89%の収率で得た。その後、154に対し、ハロゲン-スズ交換反応を検討し
た。 
 まず、0.1当量の Pd(PPh3)4存在下 hexamethyl ditinを作用させたが、反応は全く進行せず、原料が回収された 
(entry 1)。反応の促進を期待し、LiClの添加を検討したが、反応は進行しなかった 73a,b (entry 2)。次に、ヨウ素
体 154のリチオ化、続く Bu3SnClの処理によるアルケニルスタナンの合成を試みたが、原料が複雑に分解して
いくのみで目的物は得られなかった (entry 3)。Entry 4では、溶媒を N-methyl-2-pyrrolidinone (NMP) に変更し、
反応を検討したところ 73c,d、アルケン 156が 56%の収率で得られてきた。この生成物は目的の 155からハイド
ロデスタニレーションがおきた生成物であると考察し、系中に i-Pr2NEtを 0.5当量添加した 73e,f (entry 6)。その

































































THF rt to reflux 12 NR
2 Me3SnSnMe3 (1.5)
Pd(PPh3)4 (0.1), LiCl (6.0)
reflux 24 NR
3 Bu3SnCl (2.4), BuLi (1.2) −78 oC 4 dec.
4 Me3SnSnMe3 (1.5)
Pd2(dba)3  CHCl3 (0.1)









Table 9 Synthesis of (Z)-alkenyl stannane 155
148 154 155 156
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 得られたスタナン 155とトリフラート 139の Stilleカップリング反応を検討した (Table 10)。トリフレート
139と 1当量のスタナン 155に対し、DMF中 PdCl2(MeCN)2を作用させたが、望みのカップリング体 151は得
られず、ラクタム 138とハイドロデスタニレーション体 156が得られたのみであった (entry 1)。反応の促進を
期して、CuIの添加 74を試みたが、カップリング反応は進行せず、138と 156が回収されるのみであった (entry 
2)。また、Baldwinらによって報告されている CuIと CsFの組み合わせを用いる条件 75や、Farinaらによって
報告されている AsPh3 を Pd のリガントとして用いる条件 76 に付したが、望みの生成物は得られなかった 
(entries 3 and 4)。スタナン 155を 2当量用いる検討を行ったが、本条件においても原料の分解物が回収される
















モデル基質として用いて検討を行った (Scheme 66)。その結果、table 10の entry 5の条件、すなわち 2当量の












































1 PdCl2(MeCN)2 (10) - DMF rt to 50 oC 4.5 138 (46%), 156 (62%)
2 Pd(PPh3)4 (10) CuI (0.3), Et3N (10) THF rt 18.5 138, 156 (52%)
3 Pd(PPh3)4 (10) CuI (0.3), CsF (2.0) rt 2.5 138 (58%), 156 (71%)DMF
4 Pd2(dba)3  CHCl3 (10) Ph3As (1.0), i-Pr2NEt (10) DMF rt 6 138 (76%), 156 (53%)
5a Pd(PPh3)4 (10) CuI (0.3), i-Pr2NEt (10) rt 2.5 138 (33%), 156 (17%)DMF
139 155 (1.0 equiv.)
a 2.0 equivalent of stannane 155 was used.
























Scheme 66  Model study of Stille coupling
157 155 (2.0 equiv.) 158
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 まず、マクロ環構築のため、カップリング成績体 150からの C-2位 (chartellineの炭素番号) の増炭反応を検







 カップリング成績体 150の TBS基を脱保護し得られた、152aと 152bの混合物に対しアルコール部の酸化反
応を検討した (Table 11)。まず、当研究室で開発した 1-Me-AZADOを触媒としたアルコールの酸化条件 50aに
付したところ、基質が分解した (entry 1)。共酸化剤の影響による基質の分解を防ぐため、1-Me-AZADOのオキ
ソアンモニウム塩を当量用いる酸化条件を検討したが、基質は複雑に分解した (entry 2)。その他、Dess-Martin
酸化条件下 77においても基質が分解した (entry 3)。それに対し、TPAP酸化 78、Parikh酸化条件下 79では、望
みのアルデヒド 159を中程度の収率ながら得られた (entries 4 and 5)。更なる検討の結果、IBX酸化 80が最もよ
































































 得られたアルデヒド 161に対し、1炭素増炭反応を検討した (Table 12)。まず、アルデヒド 161から末端ア
セチレン 162への変換を検討した。しかし、Ohira-Bestmann法 60や Seyferth-Gilbert法 82による増炭反応を試み
たが、基質が複雑に分解するのみであった (entries 1 and 2)。次にアルデヒド 161から (Z)-アルケニルアイオダ














































MeOH rt to 50 oC 0.5 dec.
2 TMSCHN2 (1.5)
nBuLi (1.5)
THF −78 oC to 0 oC 2 dec.
3 Ph3PCH2I I (2.0)
NaHMDS (1.9), DMPU (10)
THF −78 oC to 0 oC 1 dec.























































           










CH2Cl2 rt 0.5 dec.
2 1-Me-AZADOCl (1.2) CH2Cl2 rt 1.5 dec.
3 Dess-Martin (2.0)
NaHCO3 (2.0)
CH2Cl2 rt 1 dec.
4 TPAP (0.1)
NMO (3.0), 4A MS
CH2Cl2 rt 1 29%
5 SO3  Py (3.0), DMSO (6.0)
i-Pr2NEt (7.0)
CH2Cl2 rt 6 54%
6 IBX (2.0) DMSO rt 2 85%
Table 11  Oxidation of alcohol 151 and synthesis of aldehyde 161
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第 6節 アルキニルイミダゾール 171をカップリングパートナーとして用いた検討 
 
本節では、イミダゾールフラグメントの増炭反応と続くカップリング反応を検討した。詳細な合成計画を以












 アルデヒド 164を一炭素増炭し、末端アセチレン保護体 165へと誘導した後、インドールフラグメント 139
との薗頭カップリング反応によってボトムリムを連結させる。その後、166の末端アセチレンをヨーソ化、ヨ
ードアセチレンの (Z)-アセチレンへの cis-還元によって 167 へと変換する。続いて、β-ラクタムの形成と
Buchwald型のカップリング反応によって(Z)-エナミド単位を合成しマクロ環を構築後、最後に内部アセチレン
の cis還元による、chartellineのコア骨格 168の構築を計画した。 
 一炭素増炭したアルキン 171 は、以下のようにして調製した (Scheme 69)。アルデヒド 144 に対し、
Ohira-Bestmann法 60により一炭素を増炭し、末端アセチレン 169を調製した。その後、末端アセチレンを TES
基で保護しシリルアセチレン 170とし、DIBAL-Hを用いたエステル部の還元、生じたアルコール部を IBX酸
































1. Iodination of 
    terminal alkyne
2. Reduction of iodoacetylene








2.  Buchwald coupling





























    −78 oC to 0 oC

























 得られたアセチレン 171を用いて、ヨードアセチレン 174の合成を行った (Scheme 70)。アルコール 130cを
ピバロイル基で保護し、ラクタム 172へ誘導し、−78 oC、dichloromathane中 2,6-lutidine存在下 Tf2Oを作用さ
せ、トリフラート体を得た。得られたトリフラート体とアルキン 171との薗頭カップリング反応によって、カ
ップリング体 173を 2 step 58%の収率で合成した。その後、アセチレン部の TES基を TBAFを用いて脱保護し、











 得られたヨードアセチレン 174に対し、(Z)-アルケニルヨージド 175への変換を検討した (Table 13)。まず、
一般的な条件である p-nitrobenzenesulfonyl hydrazine (NBSH) を用いたジイミド還元に付したが、基質が複雑に



































1. TBAF, THF, 0 oC
2. NIS, AgNO3
    acetone, 0 oC
















Scheme 70  Synthesis of iodoacetylene 174
Pyridine, DMAP
































THF/iPrOH rt 1.5 dec.
2 Cy2BH (1.1)
; AcOH
Et2O rt 0.5 dec.
3 Lindlar cat. (40 w/w%) toluene rt 16 NR
Table 13
Table 13  Investigation of reduction of iodoacetylene 174 to (Z)-alkenyl iodide 175
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 また、Pivエステルを TESエーテルに掛け替えた基質 176 についても、還元反応の検討を行った。Pivエス
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Scheme 71  Synthesis of TES ether 176
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第 7節 α-アルコキシケトンを有するイミダゾール 186をカップリングパートナーとして用いた検討 
 
 本節では、α-アルコキシケトン 186をイミダゾールフラグメントとして用いて、マクロ環構築後に、クロロ
エナミン部位の構築を検討した結果について述べる。立案した詳細な合成計画を以下に示す (Scheme 72)。 
 トリフラート 139 と側鎖に α-アルコキシケトンを有するイミダゾール 177 との薗頭カップリング反応によ
って、カップリング体 178を得る。その後、水酸基を脱離基 179へと変換後、アミノ基のアルキル化によって
















イミダゾール 186の合成 (Scheme 73) 
 文献既知のイミダゾール 18336dのエステル部を LiAlH4を用いてアルコールへ還元し、1-Me-AZADO を触媒
としたアルコールの酸化反応に付し 50a、アルデヒド体を得、Ohira-Bestmann法 60によってアセチレン体 184を
3 段階 83%の収率で調製した。184 のアセトナイド部を酸性条件下脱保護し、生じた 1,2-ジオールのうち、1
級選択的に TES 基で保護しアルコール 185 を 86%の収率で得た。最後に、2 級アルコール部を















































         coupling
introduction
  of leaving group macrocyclization
1. β-lactam formation
2. reduction alkyne
                to cis-alkene
(E)-chloroenamide
                   formation















 得られたアルキン 186とラクタム 172から調製したトリフラートとの薗頭反応 61によって、カップリング体








 次に、カップリング体の水酸基を脱離基へ変換するため、まず TES基の脱保護を行った (Table 14)。TES体
187に対し、THF中−20 oCで TBAFを作用させたところ、望みのアルコール体 188ではなく、生じたアルコー
ルから分子内オキシMichael付加によって生じたと思われる 7員環体 189が 91%収率で得られてきた (entry 1)。
得られた閉環体 189の構造はMass、IR、各種 NMR、特に C2の 1Hと C10位の 13C、および C11位の 1Hと C10







1. LiAlH4, THF, 0 oC
2. 1-Me-AZADO
NaOCl, KBr, TBAB













1. TsOH  H2O
     MeOH, 50 oC
2. TESCl, 2,6-lutidine
        CH2Cl2, 0 oC





































































1 TBAF (1.2) THF −20 oC 10 min. 189 (91%)
2 PPTS (0.2) MeOH/CH2Cl2 0 oC to rt 3.5 many compounds
3 TBAF (1.5)
AcOH (3.5)
THF 0 oC 1 <72%
4 HF  Py
Pyridine
THF 0 oC 0.5 <95%
Table 14













酸性条件下による脱保護を試みたが、望みのアルコール体 188は得られなかった (entry 2)。次に、TBAFを用
いる entry 1の条件に AcOHの添加を検討した (entry 3)。その結果、分子内オキシMichael付加は抑制され、望
みのアルコール体 188が得られた。しかし、生成物にはいくつかの副生成物が混入しているため、収率は 72%
以下となっている。更なる条件検討の結果、ピリジンを用いて緩衝化した HF･Py を作用させると、ほぼ定量







 しかし興味深いことに、調製したアルコール体 188 は徐々に閉環体 189 へ変換されていくことが TLC で確






合物 190、191 は得られず、閉環体 189 や様々な副生成物が生成し、これらが混合物として得られるのみであ






 ここで、TES基の脱保護の際生成してきた 7員環閉環体 189からの C2位の C−O結合が切断できれば、189




























































X = OTs (190)
X = Br (191)
Tosylation : TsCl, Et3N
                     Me3N  HCl, CH2Cl2
Bromination : CBr4, PPh3, CH2Cl2


























Scheme 77  Synthetic plan based on the method using reductive C-O bond cleavage
189 192 190 or 191
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 7員環部のケトンの α 位の C−O結合を SmI2を用いて還元的に切断する 85。その後、生じたメチルケトン 192
に対し、 α 位に脱離基を導入し、後の変換は scheme 72に示した変換と同様にして、chartellineのマクロ環構
築を計画した。 
 以下に、SmI2を用いた、還元的 C−O結合切断反応の検討結果を示す (Table 15)。まず、THF/MeOHの混合
溶媒中 SmI2 を作用させたところ、基質が速やかに分解した (entry 1)。またプロトン化剤として 3.0 当量の
tert-butanolを用い検討を行ったが、本条件においても基質が分解されるのみで、目的とするメチルケトン 192











この時点での C−O結合の切断は困難であったので、ケトンの α 位をヒドロキシル化し、アミナール条件下












 189 のケトンの α 位を酸化し、ヘミアセタール部位を導入後、酸性条件下Ν,Ο−アセタール形成反応によっ
てアッパーリムを連結する。そして、最後に C−O 結合を還元的に切断することで、chartelline の 10 員環に相
























THF -78 oC to 0 oC 120 dec.2
3.0 - THF/MeOH −78 oC 5 dec.

















































 まずケトン 189に対するケトン α 位の酸化の検討を行った (Scheme 79)。しかし、Davisによって開発され
た oxaziridine 19786a-cを用いた酸化の検討を行うべく、THF中 LHMDSや NaHMDS、KHMDSを作用させたと









189 に対し ethanol 中水素雰囲気下、Pd/C を用いて水素添加反応を試みたところ、オレフィンの還元反応が進
行した。ここで、同時にイミダゾール基の窒素原子の保護基であるベンジル基も脱保護されてしまったため、
再びベンジル基で位置選択的に保護することでケトン 198を 68%の収率で得ることができた (Table 16, entry 1)。
しかし、本手法は再現性に乏しく、原料の量を増やした場合において収率が 31~40%に留まり、再現性の良い


























































         DMF
reagentscale solvent time yield (2 steps)
1 52 mg Pd/C (1 wt) EtOH 2 h 68%
2 72 ~ 156 mg Pd/C (1 wt) 2 h 31~40%
3 17 mg Rh(PPh)3Cl (50 mol%) 20 h NR
4 20 mg PtO2 (1 wt) 8 h 16%
5 18 mg Pd(OH)2 (1 wt) 6 h many compounds












Sonegawa らはベンジル位にケトンを有するイミダゾール 199 に対し、ベンジルブロマイド 200 を用いてベン
ジル化の検討を行った結果、ベンジル化体 201a が 62%の収率で位置選択的に得られてきた事を報告している





















ル位のプロトンは 5.14 ppmであったのに対し、ホルミル基が隣接した基質 144のベンジル位のプロトンは 5.49 
ppmと低磁場シフトしていた (Figure 31)。 
 以上の報告と結果を基に、反応前後におけるベンジルプロトンの比較を行ったところ、5.5 ppm程度と変化










































Scheme 80  The example of regioselective benzylation of imidazole
Chem. Pharm. Bull. 2006, 54, 706



















       THF
2. BnBr, K2CO3
          DMF
HH HH
5.47 ppm 5.50 ppm




















 ケトン体 198を得ることが得ることができたので、続いてケトンの α 位の酸化を検討した。 
 ケトン 198に対し、THF中−78 oCにおいて KHMDS (0.5 M トルエン溶液) を作用させた後、Davisらによっ
て開発された oxaziridine 197で処理し、飽和 NH4Cl溶液を用いて反応を停止させたところ、収率 15%で目的と
するヘミアセタール 203を得ることができた (Table 17, entry 1)。続いて収率の向上の検討を行い、NaHMDS (2.0 
M THF 溶液) や LHMDS (0.8 M THF 溶液) を用いて検討を行ったが、基質が複雑に分解するのみであった 


















 しかし、依然として収率が低収率に留まっていたため、更なる検討を行った。低収率の原因は oxaziridine 197
の反応性が高すぎるということと、反応終了後に副生成物として oxaziridine由来のイミン 204に対しヘミアセ
タール 203 が付加したと思われる生成物 205 が副生していることが質量分析の解析から示唆された。そこで、
oxaziridineの検討を行った。 
 ケトン 198に対し、NaHMDS存在下、サッカリンから誘導される oxaziridine 20686dを作用させたところ、67%
の収率で再現性よくヘミアセタール体 203を合成することができた (Scheme 82)。206は Davisらによって開発
され、197に比べ反応性が温和であることが報告されている。また、oxaziridine 206から反応終了後に生じるの


























entry base time (min.) yield
1 KHMDS (0.5 M in toluene) 10 15%
2 NaHMDS (2.0 M in THF) 20 dec.
3a LHMDS (0.8 M in THF) 720 dec.
4 NaHMDS (0.5 M in THF) 20 0~29%
a The reaction run from −78 oC to 0 oC





Table 17  Oxidation of α-position of ketone ~ effect of base ~




















 ヘミアセタール体 203が得られたので、酸性条件下 N,O-アセタール形成反応によるアッパーリムの連結の検
討を行った (Table 18)。 
 Boc基の通常の脱保護条件である TFAや塩酸、p-toluenesulfonic acidを用いた酸性条件、また SnCl4を用いた
脱保護条件 88では、基質が複雑に分解するのみであった (entries 1~4)。そこで、TMSOTf/2,6-lutidineを用いる
条件 89に付したところ、目的とするマクロ環化体 208と副生成物の混合物が得られた。これらはシリカゲルカ
ラムクロマトグラフィーによる分離が困難であったため、HPLCを用いて分離・分取を行ったところ、9%と低
収率ながら 208が得られた (entry 5)。なお、208の構造は質量分析と各種 NMRの測定、特に C2位と C10位
の間の HMBC相関と C11の 1Hと C-10、C-12の 13Cとの HMBC相関によって決定している (Figure 32)。また、
立体化学に関しては C-2の 1Hと C-10の 1Hとの nOe相関が観測されたことから、synの関係であることが決






































solvent temp. time yield
1 TFA (20) CH2Cl2 0 oC 20 min. decomposition
2 AcCl (10) MeOH 0 oC 5 min. decomposition
3 TsOH  H2O (2.0) CH2Cl2 rt 45 min. uncharacterized products
4 SnCl4 (2.0) AcOEt 0 oC 5 min. decomposition
5 TMSOTf (5.0)
2,6-lutidine (5.0)
CH2Cl2 rt 1 h 0 ~ 9%a
a after HPLC purification
N,O-acetal formation
Table 18










































































 本条件によるマクロ環構築は再現性に乏しかったため、更に条件の検討を行った (Table 19)。種々の塩基の
検討を行ったところ、6当量の 2,6-di-tert-butyl-4-methylpyridine (DTBMP) を添加した際に、再現性、収率とも
に最も良い結果を与えた(entry 4)。 
しかし、DTBMPを用いた条件においても収率は 26%と低収率であった。この低収率の原因は「1. 副生成物
の生成」と「2. マクロ環化体 208の不安定性」に因るものである。以下にその考察を行う。 
「1. 副生成物の生成」 
 本反応のシリカゲルカラムクロマトグラフィー後の HPLCのクロマトグラムを以下に示す (Figure 33)。 
column : Hydrosphere C18
Figure 33  HPLC chromatogram of the mixture
peak A peak B
 
 Hydroshere C18の HPLCカラムを用い、208と副生成物の分離を検討したところ、主なピークとして 2本の
ピークが観測された (以後、26.4分のピークをピーク A、33.8分のピークをピーク Bと称する)。 
 ピーク Aと Bをそれぞれ分取し構造決定を行い、ピーク Aは構造不明な数種の副生成物の混合物、ピーク
Bがマクロ環化体 208であると判明した。 
 ここで、マクロ環化反応の反応温度に関する検討を行った (Scheme 83)。ヘミアセタール体 203に対し−40 oC
で TMSOTf/DTBMPを用いる条件に付し、その後室温まで昇温したが、目的とする 208は痕跡量しか得られず、































1 2 3 4 5
yield 0 ~ 9%a <20% <20% 26%a <5%
a after HPLC purification









 そこで、得られた TMS 体 209 に対し再び TMSOTf/DTBMP の条件に付したところ、DTBMP 6 当量に対し
TMSOTfを 6当量加えたが反応は進行しなかった。更に 2当量の TMSOTfを系中に添加したところ、反応は進







 以上までに得られた検討結果より反応機構を考察した (Scheme 85)。まず、ヘミアセタール体 203に対し、
DTBMP 存在下 TMSOTf を作用させると TMS 体 209 と TMS カルバメート体 210 が得られる。そして、TMS












「2. マクロ環化体 208の不安定性」 
 収率を低収率に留まらせている一因として、マクロ環化体 208の不安定性も要因の一つである。208は単離
操作中や単離後、徐々に構造不明な複数の化合物へと分解してしまう。 
 208の不安定性の要因は、カルボニル基の α 位に存在するアミナール構造にあると推察しており、今後はス
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ンドリルカルバメートを調製し、Du Bois ら条件に付し、アザスピロ環化反応を検討した。その結果、2 位の
置換基が反応の化学選択性に大きな影響を与えるということを見出し、特に 2-メチル体 19cにおいて良好な化













(Scheme 88)。種々条件検討の結果、重水素体 19oに対し、高希釈条件下 Rh2(S-TCPTTL)4を作用させたところ、







































Scheme 87  Aza-spiroannulation and synthesis of 3-aminooxindole
19c


























X = H, 5-Br, 6-Br, 5-OMe
       5-NHAc, 5-NO2
X = H, 5-Br, 6-Br, 5-OMe
       5-NHAc, 5-NO2











 次に、開発した不斉アザスピロ環化反応を用いて、gastrin/CCK-B受容体の強力なアンタゴニスト活性 (IC50 
= 1.1 nM) を有し、抗潰瘍薬として期待される有用な化合物 AG-041R (2) の合成を行った。また、AG-041R (2) 
の合成を通じて、合成したキラル環状カルバメート 37oの絶対配置を決定した (Scheme 89)。 
 アザスピロ環化体 37oから 10段階を経て、AG-041R (2) の合成を達成した。本合成は中外製薬の合成ルー





























189 を用い、検討を行った。ケトン 198 の α 位を Davis 酸化し得られる N,O-アセタール 203 に対し、























lit.[α]D25 +30.6 (c 0.76, CHCl3)


























      Et3N
MeCN (0.01M)
      reflux
       47%51 53
[α]D25 + 46.0 (c 0.47, CHCl3)
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General Procedure: All reactions were carried out under an argon atmosphere with dehydrated solvents under anhydrous 
conditions, unless otherwise noted. Dehydrated THF and CH2Cl2 were purchased from Kanto Chemical Co., Inc. Other 
solvents were dehydrated and distilled according to standard protocols. Reagents were obtained from commercial 
suppliers and used without further purification, unless otherwise noted. Reactions were monitored by thin-layer 
chromatography (TLC) carried out on silica gel plates (Merck Kieselgel 60 F254) or NH-silica gel plates (FUJI SILYSIA 
CHEMICAL Co., Ltd.). Column chromatography was performed on Silica gel 60N (Kanto Chemical Co., Inc., spherical, 
neutral, 63-210 µm) and flash column chromatography was performed on Silica gel 60N (Kanto Chemical Co., Inc., 
spherical, neutral, 40-50 µm), then amine column chromatography was performed on Chromatorex® NHDM 1020 (FUJI 
SILYSIA CHEMICAL Co., Ltd., 100-200 mesh). All melting points were determined with Yazawa Micro Melting Point 
BY-2 and are uncorrected. Optical rotations were measured on a JASCO DIP-370 Digital Polarimeter at rt, using the 
sodium D line. IR spectra were recorded on a JASCO FT/IR-410 Fourier Transform Infrared Spectrophitimeter or 
Travel-IR™. 1H-NMR (400, 500, and 600 MHz) and 13C-NMR spectra (100, 125, and 150 MHz) were recorded on JEOL 
JNM-AL-400, JEOL JNM-ECP-500 and JEOL JNM-ECA-600 spectrometers, respectively. For 1H-NMR spectra, 
chemical shifts (δ) are given from TMS (0.00 ppm) in CDCl3 and from residual non-deuterated solvent peak in the other 
solvents (DMSO-d6: 2.49 ppm, benzene-d6: 7.15 ppm, toluene-d8: 2.09 ppm, methanol-d4: 3.30 ppm) as internal standards. 
For 13C-NMR spectra, chemical shifts (δ) are given from CDCl3 (77.0 ppm), DMSO-d6 (39.5 ppm), benzene-d6 (128.0 
ppm), toluene-d8 (20.4 ppm), and methanol-d4 (49.0 ppm) as internal standards. The following abbreviations were used to 
explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, quin = quintet, sext = sextet, sep 
= septet, br = broad. Mass spectra were recorded on JEOL JMS-DX303, JEOL JNM-AL500 and JEOL JMS-700. 
Elemental analyses were measured on Yanaco CHN CORDER MT-6. HPLC was performed by Gilson Model 305 or 307 






















第 1章第 1節 Rh2(OAc)4を触媒としたアザスピロ環化反応の開発 
 
Preparation of indolylethyl carbamates and sulfamate esters 
 







2-(1-tert-Butoxycarbonyl-1H-indol-3-yl)ethanol (99) : To a solution of indole 98 (500 mg, 2.46 mmol) in CH2Cl2 (4.9 
ml) at rt were added Et3N (0.52 ml, 3.69 mmol, 1.5 eq.), Boc2O (0.85 ml, 3.69 mmol, 1.5 eq.), and DMAP (30 mg, 0.25 
mmol, 10 mol%). After the reaction mixture was stirred for 10 min, water was added and the resultant solution was 
extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, concentrated in vacuo to provide a 
Boc-protected product that was used in the next reaction without further purification.  To a suspension of LiAlH4 (112 
mg, 2.95 mmol, 1.2 eq.) in THF (2.4 ml) at 0 oC was added a solution of the crude mixture in THF (2.5 ml).  After the 
reaction mixture was stirred for 5 min, the reaction was quenched with H2O (10 ml).  And then the resultant mixture 
was filtered through a Celite pad, and concentrated in vacuo.  The resulting mixture was extracted with AcOEt.  The 
organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by 
column chromatography (1:2 AcOEt:hexane) to give alcohol 99 as a yellow oil (493 mg, 1.89 mmol, 77% for 2 steps). 
IR (neat) : 3429, 2979, 2933, 1731, 1454, 1380 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.14 (d, J = 7.8 Hz, 1H), 7.54 (d, J 
= 7.8 Hz, 1H), 7.47 (s, 1H), 7.33 (dd, J = 7.8, 7.8 Hz, 1H), 7.24 – 7.22 (m, 1H), 3.93 (t, J = 6.4 Hz, 2H), 2.97 (t, J = 6.4 
Hz, 2H), 1.67 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 149.7, 135.6, 130.5, 124.5, 123.6, 122.5, 118.9, 117.0, 115.3, 83.5, 
62.0, 28.5, 28.2 ; MS m/z : 261 (M+), 130 (100%) ; HRMS (EI) Calcd. C15H19O3N : 261.1365, Found : 261.1367 
 
1-tert-Butoxycarbonyl-3-(2-carbamoyloxy-ethyl)-1H-indole (19b) : To a solution of alcohol 99 (473 mg, 1.81 mmol) 
in CH2Cl2 (9.0 ml) at 0 oC were added trichloroacetyl isocyanate (0.26 ml, 2.17 mmol, 1.2 eq.) and the mixture was 
stirred for 5 min.  When TLC indicated consumption of the alcohol, MeOH (9.0 ml) and K2CO3 (50 mg, 0.362 mmol, 
0.20 eq.) were added to the reaction mixture.  The mixture was allowed to warm to rt and stirred for 4 h. Then, water 
was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, dried over 
MgSO4, concentrated in vacuo, and the crude products was purified by recrystallization from MeOH/ hexane to give 
carbamate 19b as a colorless solid (523 mg, 1.72 mmol, 95%).  
mp = 102 – 103 oC (MeOH/Hexane, plate) ; IR (neat) : 3470, 3366, 2979, 1730, 1604, 1454, 1371 cm-1 ; 1H-NMR (400 
MHz，CDCl3) δ: 8.11 (d, J = 6.3 Hz, 1H), 7.54 (d, J = 7.6 Hz, 1H), 7.44 (s, 1H), 7.33 – 7.29 (m, 1H), 7.25 – 7.22 (m, 1H), 
4.59 (br, 2H), 4.36 (t, J = 7.0 Hz, 2H), 3.03 (t, J = 7.0 Hz, 2H), 1.67 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 156.8, 
149.7, 135.4, 130.5, 124.4, 123.3, 122.4, 118.9, 116.7, 115.3, 83.5, 64.3, 28.2, 24.8 ; MS m/z : 304 (M+), 143 (100%) ; 
HRMS (EI) Calcd. C16H20O4N2 : 304.1423, Found : 304.1438 
 
3-(2-Carbamoyloxy-ethyl)-1H-indole (19a) : To a solution of indole 19b (37 mg, 0.120 mmol) in CH2Cl2 (0.6 ml) at 0 
oC was added TFA (0.36 mmol, 4.8 mmol, 40 eq.).  After the reaction mixture was stirred for 2.5 h, benzene was added 
and the resultant solution was concentrated in vacuo. After this manipulation was repeated three times, the product was 
N
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collected and washed with methanol, benzene, CH2Cl2 to give carbamate 19a as a white solid (22 mg, 0.108 mmol, 90%).  
mp = 132 – 133 oC (MeOH) ; IR (neat) : 3448, 3213, 1719, 1455, 1429 cm−1 ; 1H-NMR (400 MHz，DMDO-d6) δ: 8.08 (d, 
J = 8.3 Hz, 1H), 7.62 (d, J = 7.8 Hz, 1H), 7.52 (s, 1H), 7.32 – 7.28 (m, 1H), 7.25 – 7.21 (m, 1H), 6.47 (br, 2H), 4.18 (t, J 
= 6.8 Hz, 2H), 2.94 (t, J = 6.8 Hz, 2H) ; 13C-NMR (100 MHz，CDCl3) δ: 156.8, 136.1, 127.1, 123.0, 120.9, 118.24, 
118.20, 111.3, 110.3, 63.5, 24.9 ; MS m/z : 204 (M+), 143 (100%) ; HRMS (EI) Calcd. C11H12O2N2 : 204.0899, Found : 
204.0893 
 












Ethyl (1-tert-Butoxycarbonyl-2-methyl-1H-indol-3-yl)-acetate (100) : To a solution of levulic acid (40.5 g, 349 mmol) 
in EtOH (700 ml) at 0 oC were added conc. H2SO4 (87.0 ml) and phenylhydrazine hydrochloride (50.4 g, 349 mmol, 1.0 
eq.).  After the reaction mixture was stirred for 43 h at reflux, a solution of NaOH was added and pH of the mixture was 
neutralized.  The resultant solution was extracted with AcOEt.  The organic layer was washed with brine, dried over 
MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:8 to 1:4 AcOEt:hexane) to 
give indole 100 as a brown oil (56.3 g, 259 mmol, 74%) 
IR (neat) : 3395, 2981, 1730 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.92 (br, 1H), 7.50 (m, 1H), 7.06 (m, 3H), 4.12 (q, J = 
7.1 Hz, 2H), 3.65 (s, 3H), 2.23 (s, 2H), 1.21 (t, J = 7.1 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 172.2, 135.0, 132.8, 
128.3, 120.9, 119.3, 117.8, 110.3, 104.1, 60.6, 30.3, 14.1, 11.3 ; MS m/z : 217 (M+), 144 (100%) ; HRMS (EI) Calcd. 
C13H15O2N : 217.1103, Found : 217.1085 
 
2-(1-tert-Butoxycarbonyl-2-methyl-1H-indol-3-yl)ethanol (101) : To a solution of indole 100 (21.2 g, 97.6 mmol) in 
CH2Cl2 (97.6 ml) at rt were added Et3N (34.1 ml, 243.9 mmol, 2.5 eq.), Boc2O (29.1 ml, 126.8 mmol, 1.3 eq.), and 
DMAP (596 mg, 4.88 mmol, 5 mol%).  After the reaction mixture was stirred for 30 min, water was added and the 
resultant solution was extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo to provide a Boc-protected product that was used in the next reaction without further purification.  
To a suspension of LiAlH4 (3.70 g, 97.6 mmol, 1.0 eq.) in THF (97.6 ml) at 0 oC was added a solution of the crude 
mixture in THF (97.6 ml).  After the reaction mixture was stirred for 5 min, the reaction was quenched with H2O (50 
ml).  And the resultant mixture was filtered through a Celite pad, and concentrated in vacuo.  The resulting mixture 
was extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, concentrated in vacuo.  The 
residue was purified by column chromatography (1:2 AcOEt:hexane) to give alcohol 101 as a yellow oil (26.4 g, 95.9 
mmol, 98% for 2 steps). 
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1H), 7.26 – 7.18 (m, 2H), 3.82 (t, J = 6.5 Hz, 2H), 2.95 (t, J = 6.5 Hz, 2H), 2.57 (s, 3H), 1.68 (s, 9H) ; 13C-NMR (100 
MHz，CDCl3) δ: 150.6, 135.7, 134.5, 129.8, 123.4, 122.4, 117.7, 115.4, 114.3, 83.6, 62.4, 28.4, 27.6, 14.1 ; MS m/z : 275 
(M+), 144 (100%) ; HRMS (EI) Calcd. C16H21O3N : 275.1521, Found : 275.1503 
 
1-tert-Butoxycarbonyl-3-(2-carbamoyloxyethyl)-2-methyl-1H-indole (19c) : To a solution of alcohol 101 (7.26 g, 26.1 
mmol) in CH2Cl2 (52 ml) at 0 oC was added trichloroacetyl isocyanate (3.74 ml, 31.3 mmol, 1.2 eq.) and the mixture was 
stirred for 5 min.  When TLC indicated consumption of the alcohol, MeOH (52 ml) and K2CO3 (723 mg, 5.22 mmol, 
0.20 eq.) were added to the reaction mixture.  The mixture was allowed to warm to rt and stirred for 4 h. Then, water 
was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, dried over 
MgSO4, concentrated in vacuo, and the crude products were purified by recrystallization from MeOH to give carbamate 
19c as a colorless needle (5.78 g, 18.2 mmol, 69%). 
mp = 150 – 152 oC (MeOH) ; IR (neat) : 3424, 3330, 3272, 2970, 1723, 1701, 1607 cm−1 ; 1H-NMR (400 MHz，CDCl3) 
δ: 8.09 (dd, J = 2.0, 6.7 Hz, 1H), 7.45 (dd, J = 2.0, 6.5 Hz, 1H), 7.24 – 7.20 (m, 2H), 4.77 (br, 2H), 4.20 (t, J = 7.2 Hz, 
2H), 3.00 (t, J = 7.2 Hz, 2H), 2.55 (s, 3H), 1.68 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 156.9, 150.7, 135.6, 134.4, 
129.8, 123.4, 122.4, 117.6, 115.4, 113.9, 83.5, 64.3, 28.2, 23.9, 13.9 ; MS m/z : 318 (M+), 201 (100%) ; HRMS (EI) Calcd. 
C17H22O4N2 : 318.1580, Found : 318.1593 
 

















Ethyl (2-Bromo-1H-indol-3yl)acetate (102) : To a solution of indole 98 (3.0 g, 14.8 mmol) in CCl4 (29.5 ml) at 0 oC 
was added recrystallized NBS (2.63 g, 14.8 mmol, 1.0 eq.) in 5 portions.  After the reaction mixture was stirred for 2 h, 
the precipitate was filtered and the filtrate was concentrated in vacuo. The residue was purified by column 
chromatography (1:6 AcOEt:hexane) to give bromo indole 102 as a purple oil (3.77 g, 13.4 mmol, 91%). 
IR (neat) : 3330, 2981, 1722 cm−1 ; H-NMR (400 MHz，CDCl3) δ: 8.25 (br, 1H), 7.51 (d, J = 7.5 Hz, 1H), 7.17 – 7.08 (m, 
3H), 4.16 (q, J = 7.2 Hz, 2H), 3.72 (s, 2H), 1.24 (t, J = 7.2 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 171.1, 136.0, 127.5, 
122.4, 120.3, 118.3, 110.5, 110.0, 108.6, 61.0, 31.1, 14.2 ; MS m/z : 283 (M++2), 281 (M+), 208 (100%) ; HRMS (EI) 
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Ethyl (1-tert-Butoxycarbonyl-2-bromo-1H-indol-3-yl)acetate (103) : To a solution of indole 102 (3.77 g, 13.4 mmol) 
in CH2Cl2 (26.7 ml) at rt were added Et3N (4.9 ml, 34.8 mmol, 2.5 eq.), Boc2O (4.0 ml, 17.4 mmol, 1.3 eq.), and DMAP 
(82 mg, 0.669 mmol, 5 mol%).  After the reaction mixture was stirred for 30 min, water was added and the resultant 
solution was extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, concentrated in vacuo, 
and the crude products was purified by column chromatography (1:20 AcOEt:hexane) to give indole 103 as a yellow oil 
(5.11 g, 13.4 mmol, 100%). 
IR (neat) : 2980, 1738 cm−1 ; H-NMR (400 MHz，CDCl3) δ: 8.08 (d, J = 8.3 Hz, 1H), 7.47 (d, J = 7.6 Hz, 1H), 7.31 – 
7.21 (m, 2H), 4.16 (q, J = 7.1 Hz, 2H), 3.76 (s, 2H), 1.70 (s, 9H), 1.24 (t, J = 7.1 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) 
δ: 169.9, 148.9, 136.3, 128.5, 124.5, 122.9, 118.2, 116.4, 115.3, 110.8, 85.0, 61.1, 31.6, 28.2, 14.3 ; MS m/z : 383 (M++2), 
381 (M+), 57 (100%) ; HRMS (EI) Calcd. C17H2079BrO4N : 381.0576, Found : 381.0587 
 
Ethyl (1-tert-Butoxycarbonyl-2-trimethylsilylethynyl-1H-indol-3-yl)acetate (104) : To a 2-necked flask were added 
tetrabutylammonium iodide (2.90 g, 7.86 mmol, 3.0 eq.), CuI (249 mg, 1.31 mmol, 0.50 eq.) and Pd(PPh3)4 (907 mg, 
0.786 mmol, 0.30 eq.) and then was degassed.  To this flask were added DME (3.0 ml), iPrNH2 (2.25 ml, 26.2 mmol, 10 
eq.), bromoindole 103 (1.0 g, 2.62 mmol) in DME (10 ml), and trimethylsilyl acetylene (0.56 ml, 3.93 mmol, 1.5 eq.).  
After the reaction mixture was stirred for 1 h at 70 oC, Et2O was added and filtered through a Celite pad.  H2O was 
added to the filtrate and the resultant solution was extracted with Et2O.  The organic layer was washed with brine, dried 
over MgSO4, concentrated in vacuo, and the crude products was purified by column chromatography (1:30 
AcOEt:hexane) to give indole 104 as a purple oil (790 mg, 1.98 mmol, 76%). 
IR (neat) : 2980, 2148, 1736 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.21 (d, J = 8.3 Hz, 1H), 7.51 (d, J = 7.6 Hz, 1H), 
7.37 (ddd, J = 1.2, 7.6, 7.6 Hz, 1H), 7.26 – 7.23 (m, 1H), 4.16 (q, J = 7.2 Hz, 2H), 3.83 (s, 2H), 1.69 (s, 9H), 1.24 (t, J = 
7.2 Hz, 3H), 0.28 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 170.3, 149.4, 135.8, 128.4, 126.0, 123.1, 122.9, 119.3, 119.2, 
115.6, 104.8, 95.9, 84.5, 60.9, 31.4, 28.1, 14.2, −0.017 ; MS m/z : 399 (M+), 226 (100%) ;  HRMS (EI) Calcd. 
C22H29O4NSi : 306.1866, Found : 399.1860 
 
Ethyl (1-tert-Butoxycarbonyl-2-ethynyl-1H-indol-3-yl)acetate (105) : To a solution of acetylene 104 (790 mg, 1.98 
mmol) in EtOH (9.9 ml) at rt was added K2CO3 (410 mg, 2.97 mmol, 1.5 eq.).  After the reaction mixture was stirred for 
2 h, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, 
dried over MgSO4, concentrated in vacuo, and the crude products was purified by column chromatography (1:30 
AcOEt:hexane) to give indole 105 as a purple oil (562 mg, 1.72 mmol, 87%). 
IR (neat) : 3273, 2987, 1734 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.14 (d, J = 8.5 Hz, 1H), 7.52 (d, J = 8.0 Hz, 1H), 
7.37 (ddd, J = 1.2, 8.0, 8.5 Hz, 1H), 7.28 – 7.24 (m, 1H), 4.16 (q, J = 7.1 Hz, 2H), 3.86 (s, 2H), 3.67 (s, 1H), 1.68 (s, 9H), 
1.24 (t, J = 7.1 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 170.3, 149.3, 135.7, 128.3, 126.1, 123.2, 122.9, 119.4, 118.5, 
115.7, 86.7, 84.8, 75.0, 61.0, 31.2, 28.1, 14.2 ; MS m/z : 327 (M+), 154 (100 %) ; HRMS (EI) Calcd. C19H21O4N : 
327.1471, Found : 327.1451 
 
2-(1-tert-Butoxycarbonyl-2-ethyl-1H-indol-3-yl)-ethanol (106) : A solution of acetylene 105 (579 mg, 1.77mmol) in 
AcOEt (8.9 ml) was hydrogenated in the presence of 10% Pd/C (58 mg) under atmospheric pressure of H2.  After the 
reaction mixture was stirred for 5 h, the mixture was filtered through a Celite pad.  The filtrate was concentrated in 
vacuo to provide an alkane product that was used in the next reaction without further purification.  To a solution of 
crude product in THF (8.9 ml) at 0 oC was added LiAlH4 (67.1 mg, 1.77 mmol, 1.0 eq.).  After the reaction mixture was 
stirred for 5 min, the reaction was quenched with H2O.  And the resultant mixture was filtered through a Celite pad, and 
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concentrated in vacuo.  The resulting mixture was extracted with AcOEt.  The organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:4 
AcOEt:hexane) to give alcohol 106 as a yellow oil (475 mg, 1.64 mmol, 93% for 2 steps).  
IR (neat) : 3349, 2978, 2934, 1730 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.11 (dd, J = 1.4, 7.5 Hz, 1H), 7.49 – 7.47 (m, 
1H), 7.25 (ddd, J = 1.4, 7.5, 8.0 Hz, 1H), 7.23 – 7.19 (ddd, J = 1.4, 7.5, 8.0 Hz, 1H), 3.84 (br, 2H), 3.05 (q, J = 7.6 Hz, 
2H), 2.96 (t, J = 6.6 Hz, 2H), 1.69 (s, 9H), 1.23 (t, J = 7.6 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 140.5, 136.0, 129.9, 
123.6, 122.5, 117.9, 116.9, 115.6, 113.8, 83.6, 62.5, 28.2, 27.6, 20.1, 15.1 ; MS m/z : 289 (M+), 158 (100%) ; HRMS (EI) 
Calcd. C17H23O3N : 289.1678, Found : 289.1668 
 
1-tert-Butoxycarbonyl-3-(2-carbamoyloxy-ethyl)-2-ethyl-1H-indole (19d) : To a solution of alcohol 106 (395 mg, 1.37 
mmol) in CH2Cl2 (6.8 ml) at 0 oC was added trichloroacetyl isocyanate (0.195 ml, 1.64 mmol, 1.2 eq.) and the mixture 
was stirred for 5 min.  When TLC indicated consumption of the alcohol, MeOH (6.8 ml) and K2CO3 (19 mg, 0.137 
mmol, 0.20 eq.) were added to the reaction mixture.  The mixture was allowed to warm to rt and stirred for 10 h. Then, 
water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, dried 
over MgSO4, concentrated in vacuo, and the residue was purified by column chromatography (1:3 AcOEt:hexane) to give 
carbamate 19d as a colorless solid (432 mg, 1.34 mmol, 98%).  An analytical sample was obtained by recrystallization 
from AcOEt/hexane.  
mp = 132−134 oC (AcOEt/Hexane, needle) ; IR (neat) : 3491, 3364, 2978, 1731, 1601 cm−1 ; 1H-NMR (400 MHz，
CDCl3) δ: 8.11 (dd, J = 1.8, 7.1 Hz, 1H), 7.50 – 7.48 (m, 1H), 7.26 – 7.18 (m, 2H), 4.77 (br, 2H), 4.23 (t, J = 7.2 Hz, 2H), 
3.04 (t, J = 7.2 Hz, 2H), 3.00 (q, J = 7.2 Hz, 2H), 1.68 (s, 9H), 1.24 (t, J = 7.2 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 
156.7, 150.4, 140.2, 135.9, 129.8, 123.5, 122.5, 117.9, 115.6, 113.5, 83.6, 64.6, 28.2, 24.0, 20.0, 15.1 ; MS m/z : 332 (M+), 
215 (100%) ; HRMS (EI) Calcd. C18H24O4N2 : 332.1736, Found : 332.1733 
 













Ethyl (1-tert-Butoxycarbonyl-2-tert-butylethynyl-1H-indol-3-yl)acetate (107) : To a 2-necked flask were added 
tetrabutylammonium iodide (2.92 g, 7.92 mmol, 3.0 eq.), CuI (151 mg, 0.791 mmol, 0.30 eq.) and Pd(PPh3)4 (305 mg, 
0.264 mmol, 0.10 eq.) and then was degassed.  To this flask were added DME (6.0 ml), iPrNH2 (2.27 ml, 26.4 mmol, 10 
eq.), bromo indole 103 (1.01 g, 2.64 mmol) in DME (7.0 ml) and tert-butyl acetylene (0.974 ml, 7.91 mmol, 3.0 eq.).  
After the reaction mixture was stirred for 19 h at 50 oC, Et2O was added and filtered through a Celite pad.  H2O was 








































over MgSO4, concentrated in vacuo, and the crude products was purified by column chromatography (1:20 
AcOEt:hexane) to give indole 107 as a purple oil (776 mg, 2.02 mmol, 77%). 
IR (neat) : 2973, 2218, 1732 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.21 (d, J = 8.3 Hz, 1H), 7.51 (d, J = 7.6 Hz, 1H), 
7.37 (ddd, J = 1.2, 7.6, 7.6 Hz, 1H), 7.26 – 7.23 (m, 1H), 4.16 (q, J = 7.2 Hz, 2H), 3.83 (s, 2H), 1.69 (s, 9H), 1.24 (t, J = 
7.2 Hz, 3H), 0.28 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 170.3, 149.4, 135.8, 128.4, 125.2, 122.9, 120.6, 118.8, 115.5, 
108.1, 84.1, 71.0, 60.9, 31.3, 31.1, 30.9, 28.7, 28.3, 14.2 ; MS m/z : 399 (M+), 226 (100%) ;  HRMS (EI) Calcd. 
C23H29O4N : 383.2097, Found : 383.2082 
 
2-(1-tert-Butoxycarbonyl-2-tert-butylethynyl-1H-indol-3-yl)ethanol (108) : To a solution of ester 107 (351 mg, 0.915 
mmol) in THF (4.6 ml) at 0 oC was added DIBAL-H (1.0 M in toluene, 2.0 ml, 2.01 mmol, 2.2 eq.) dropwise over 5 min.  
After the reaction mixture was stirred for 10 min, the reaction was quenched with saturated NH4Cl solution and MeOH. 
The resultant solution was filtered through a Celite pad, and concentrated in vacuo.  The resulting mixture was extracted 
with AcOEt.  The organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue 
was purified by column chromatography (1:4 AcOEt:hexane) to give alcohol 108 as a yellow oil (312 mg, 0.913 mmol, 
99%). 
IR (neat) : 3367, 2969, 2926, 1731 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.14 (d, J = 8.2 Hz, 1H), 7.51 (d, J = 7.7 Hz, 
1H), 7.33 – 7.29 (m, 1H), 7.25 – 7.21 (m, 1H), 3.91 (q, J = 6.4 Hz, 2H), 3.07 (t, J = 6.4 Hz, 2H), 1.70 (s, 9H), 1.38 (s, 
9H) ; 13C-NMR (100 MHz，CDCl3) δ: 149.6, 135.7, 129.2, 125.3, 124.4, 122.8, 119.3, 118.5, 115.6, 107.6, 84.0, 71.4, 
62.3, 47.2, 30.8, 28.6, 28.3 ; MS m/z : 341 (M+), 210 (100%) ; HRMS (EI) Calcd. C21H27O3N : 341.1991, Found : 
341.1978  
 
1-tert-Butoxycarbonyl-3-(2-carbamoyloxyethyl)-2-tert-butylethynyl-1H-indole (19g) : To a solution of alcohol 108 
(1.06 g, 3.11 mmol) in CH2Cl2 (15 ml) at 0 oC was added trichloroacetyl isocyanate (0.879 ml, 4.67 mmol, 1.5 eq.) and 
the mixture was stirred for 5 min.  When TLC indicated consumption of the alcohol, MeOH (15 ml) and K2CO3 (86 mg, 
0.622 mmol, 0.20 eq.) were added to the reaction mixture.  The mixture was allowed to warm to rt and stirred for 11 h. 
Then, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, 
dried over MgSO4, concentrated in vacuo, and the residue was purified by column chromatography (1:2 AcOEt:hexane) 
to give carbamate 19g as a colorless solid (1.19 g, 3.11 mmol, 99%).  An analytical sample was obtained by 
recrystallization from MeOH/hexane.  
mp = 130 − 132 oC (MeOH/Hexane, plate) ; IR (neat) : 3491, 3357, 2967, 1722, 1710, 1697 cm−1 ; 1H-NMR (400 MHz，
CDCl3) δ: 8.14 (d, J = 8.3 Hz, 1H), 7.52 (d, J = 7.6 Hz, 1H), 7.33 – 7.29 (m, 1H), 7.22 (dd, J = 7.3, 7.6 Hz, 1H), , 4.57 
(br, 2H), 4.31 (t, J = 7.1 Hz, 2H), 3.11 (t, J = 7.1 Hz, 2H), 1.69 (s, 9H), 1.38 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 
156.9, 149.6, 135.5, 129.1, 125.1, 123.8, 122.7, 119.4, 118.5, 115.5, 107.7, 84.0, 71.0, 63.8, 30.8, 28.6, 28.3, 25.0 ; MS 
m/z : 384 (M+), 210 (100%) ; HRMS (EI) Calcd. C22H28O4N2 : 384.2049, Found : 384.2033 
 
(1’Z)-1-tert-Butoxycarbonyl-3-(2-carbamoyloxyethyl)-2-tert-butylvinyl-1H-indole (19e) : A solution of acetylene 19g 
(158 mg, 0.411 mmol) in EtOH (3.0 ml) was hydrogenated in the presence of 10% Pd/C (32 mg) under atmospheric 
pressure of H2.  After the reaction mixture was stirred for 15 min, the mixture was filtered through a Celite pad.  The 
filtrate was concentrated in vacuo, and the residue was purified by column chromatography (1:6 to 1:2 AcOEt:hexane) to 
give alkene 19e as a white amorphous solid (124 mg, 0.321 mmol, 78%). 
IR (neat) : 3470, 3368, 2960, 1728, 1457, 1361, 1329 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.14 (d, J = 8.0 Hz, 1H), 
7.54 (d, J = 7.4 Hz, 1H), 7.29 – 7.21 (m, 2H), 6.21 (d, J = 12.8 Hz, 1H), 5.73 (d, J = 12.8 Hz, 1H), 4.68 (br, 2H), 4.35 – 
84 
 
4.15 (m, 2H), 3.07 – 2.93 (m, 2H), 1.69 (s, 9H), 0.92 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 156.8, 150.1, 144.7, 135.6, 
133.5, 129.5, 123.8, 122.5, 118.5, 117.3, 115.4, 115.0, 83.6, 64.0, 34.4, 29.8, 29.2, 28.3, 28.2, 24.8 ; MS m/z : 386 (M+), 
212 (100%) ; HRMS (EI) Calcd. C22H30O4N2 : 386.2206, Found : 386.2198 
 







Ethyl (1-tert-Butoxycarbonyl-2-vinyl-1H-indol-3-yl)acetate (109) : To a solution of bromide 103 (348 mg, 0.910 
mmol) in toluene (4.6 ml) were added tributylvinylstannane (0.40 ml, 1.37 mmol, 1.5 eq.) and Pd(PPh3)4 (53 mg, 0.0455 
mmol, 5 mol%). After the reaction mixture was stirred at 80 oC for 3 h, water was added and the resultant solution was 
extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, concentrated in vacuo, and the 
crude products were purified by column chromatography (1:20 to 1:10 AcOEt:hexane) to give indole 109 as a yellow oil 
(290 mg, 0.880 mmol, 97%).  
IR (neat) : 2979, 1733, 1457, 1369, 1358, 1324 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.09 (d, J = 8.8 Hz, 1H), 7.55 (d, J 
= 8.8 Hz, 1H), 7.32 – 7.23 (m, 2H), 6.96 (dd, J = 11.2, 17.6 Hz, 1H), 5.68 (dd, J = 1.8, 17.6 Hz, 1H), 5.52 (dd, J = 1.8, 
11.2 Hz, 1H), 4.16 (q, J = 7.6 Hz, 2H), 3.76 (s, 2H), 1.67 (s, 9H), 1.24 (t, J = 7.6 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) 
δ: 1171.3, 150.3, 136.7, 135.4, 130.0, 128.6, 124.5, 122.7, 119.0, 118.5, 115.4, 112.8, 84.0, 60.8, 31.3, 28.1, 14.1 ; MS 
m/z : 329.2 (M+), 273.1 (100 %) ; HRMS (EI) Calcd. C19H23O4N : 329.3902, Found : 329.1615 
 
1-tert-Butoxycarbonyl-3-(2-carbamoyloxyethyl)-2-vinyl-1H-indole (19f) : To a solution of ester 109 (1.06 g, 3.22 
mmol) in THF (16 ml) at 0 oC was added DIBAL-H (1.0 M in toluene, 8.0 ml, 8.0 mmol, 2.5 eq.).  After the reaction 
mixture was stirred for 10 min, the reaction was quenched with saturated NH4Cl solution and MeOH. The resultant 
solution was filtered through a Celite pad, and concentrated in vacuo.  The resulting mixture was extracted with AcOEt.  
The organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo to provide an alcohol product 
that was used in the next reaction without further purification.   
 To a solution of crude alcohol in CH2Cl2 (16 ml) at 0 oC was added trichloroacetyl isocyanate (0.575 ml, 4.82 mmol, 
1.5 eq.) and the mixture was stirred for 5 min.  When TLC indicated consumption of the alcohol, MeOH (16 ml) and 
K2CO3 (89 mg, 0.643 mmol, 0.20 eq.) were added to the reaction mixture.  The mixture was allowed to warm to rt and 
stirred for 3 h. Then, water was added and the resultant solution was extracted with AcOEt.  The organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography 
(1:4 to 1:2 AcOEt:hexane) to give carbamate 19f as a white amorphous solid (900 mg, 2.72 mmol, 85% for 2 steps). 
IR (neat) : 3480, 3368, 2979, 1730, 1602, 1457, 1358, 1322 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.08 (d, J = 8.4 Hz, 
1H), 7.58 (d, J = 7.2 Hz, 1H), 7.31 – 7.22 (m, 2H), 6.94 (dd, J = 12.0, 18.0 Hz, 1H), 5.49 (d, J = 12.0 Hz, 1H), 5.47 (d, J 
= 18.0, 1H), 4.73 (br, 2H), 4.30 (t, J = 7.2 Hz, 2H), 3.11 (t, J = 7.2 Hz, 2H), 1.67 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) 
δ: 156.8, 150.4, 136.0, 135.5, 130.0, 128.9, 124.5, 122.7, 118.9, 117.5, 115.7, 115.5, 84.0, 64.7, 28.2, 24.6 ; MS m/z : 330 















    THF, 0 oC
2. Cl3CCONCO
     CH2Cl2, 0 oC
   ; K2CO3, MeOH
    

















1-tert-Butoxycarbonyl-3-(2-sulfamoyloxyethyl)-1H-indole (19h) : Formic acid (0.18 ml, 4.78 mmol, 2.5 eq.) was 
added dropwise to neat chlorosulfonylisocyanate (0.42 ml, 4.78 mmol, 2.5 eq.) at 0 oC with rapid stirring.  Vigorous gas 
evolution was observed during the addition process.  MeCN (5.0 ml) was added and the solution was stirred 8 h at rt.  
The reaction mixture was cooled to 0 oC and a solution of alcohol 99 (500 mg, 1.91 mmol) in DMA (5.0 ml) was added 
dropwise.  The reaction mixture was warmed to 25 oC.  After the reaction mixture was stirred for 30 min, saturated 
NaHCO3 solution was added and the resultant solvent was extracted with AcOEt.  The organic layer was washed with 
brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:1 
AcOEt:hexane) to give sulfamate ester 19h as a white solid (476 mg, 1.40 mmol, 73%).  An analytical sample was 
obtained by recrystallization from CHCl3/hexane. 
mp : 124 – 125 oC (CHCl3/Hexane, needle) ; IR (neat) : 3353, 3259, 1721, 1455, 1363, 1346 cm−1 ; 1H-NMR (400 MHz，
CDCl3) δ: 8.13 (d, J = 8.1 Hz, 1H), 7.53 (d, J = 7.3 Hz, 1H), 7.49 (s, 1H), 7.35 – 7.31 (m, 1H), 7.28 – 7.24 (m, 1H), 4.65 
(s, 2H), 4.48 (t, J = 6.8 Hz, 2H), 3.16 (dt, J = 1.0, 6.8 Hz, 2H), 1.67 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 149.7, 
135.4, 130.1, 124.6, 123.8, 122.6, 118.6, 115.4, 115.3, 83.9, 70.0, 28.2, 24.8 ; MS m/z : 340 (M+), 143 (100%) ; HRMS 








1-tert-Butoxycarbonyl-3-(2-sulfamoyloxyethyl)-2-methyl-1H-indole (19i) : Formic acid (0.034 ml, 0.907 mmol, 2.5 
eq.) was added dropwise to neat chlorosulfonylisocyanate (0.079 ml, 0.907 mmol, 2.5 eq.) at 0 oC with rapid stirring.  
Vigorous gas evolution was observed during the addition process.  MeCN (1.8 ml) was added and the solution was 
stirred 8 h at rt.  The reaction mixture was cooled to 0 oC and a solution of alcohol 101 (100 mg, 0.363 mmol) in DMA 
was added dropwise.  The reaction mixture was warmed to 25 oC.  After the reaction mixture was stirred for 30 min, 
saturated NaHCO3 solution was added and the resultant solvent was extracted with AcOEt.  The organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography 
(1:1 AcOEt:hexane) to give sulfamate ester 19i as a white solid (98 mg, 0.277 mmol, 76%).  An analytical sample was 
obtained by recrystallization from CHCl3/hexane. 
mp : 124 – 125 oC (CHCl3/Hexane, powder) : IR (neat) :3724, 3271, 1709, 1463, 1364 cm−1 ; 1H-NMR (400 MHz，
CDCl3) δ: 8.09 (d, J = 8.8 Hz, 1H), 7.42 (d, J = 7.1 Hz, 1H), 7.25 – 7.19 (m, 2H), 4.79 (s, 2H), 4.28 (t, J = 7.3 Hz, 2H), 
3.10 (t, J = 7.3 Hz, 2H), 2.54 (s, 3H), 1.67 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 150.6, 135.7, 135.0, 129.3, 123.6, 
122.6, 117.4, 115.5, 112.5, 83.4, 70.0, 28.2, 24.0, 13.9 ; MS m/z : 354 (M+), 144 (100%) ; HRMS (EI) Calcd. 







































1-tert-Butoxycarbonyl-2-(methylcarbonyloxy) spiro[3H-indol-3,6’-[1’,3’]oxazinan]-2’-one (37b) and 
4-(1-tert-Butoxycarbonyl-1H-indol-3-yl) oxazolidin-2-one (36b) (Scheme 35) : To a solution of carbamate 19b (88 mg, 
0.289 mmol) in CH2Cl2 (2.9 ml) at rt were added MgO (29.1 mg, 0.723 mmol, 2.5 eq.), PhI(OAc)2 (130 mg, 0.405 mmol, 
1.4 eq.) and Rh2(OAc)4 (6.4 mg, 0.014 mmol, 5 mol%).  The reaction mixture was stirred vigorously at reflux for 10 h.  
The mixture was allowed to cool to rt and filtered through a Celite pad.  The filtrate was concentrated in vacuo, and the 
residue was purified by column chromatography (1:1 AcOEt:hexane) to give cyclic carbamate 36b as a colorless oil (23 
mg, 0.075 mmol, 26%) and cyclic carbamate 37b as a white amorphous solid (64 mg, 0.177 mmol, 61%). 
37b : IR (neat) : 3238, 3130, 2979, 2930, 1744, 1712, 1604, 1481, 1387 cm−1  ; 1H-NMR (400 MHz，CDCl3) δ: 7.83 (br, 
1H), 7.35 (dd, J = 6.2, 6.2 Hz, 1H), 7.30 (d, J = 6.2 Hz, 1H), 7.12 (dd, J = 6.2, 6.2 Hz, 1H), 6.55 (s, 1H), 5.69 (br, 1H), 
4.68 − 4.62 (m, 1H), 4.37 (dt, J = 3.4, 11.7 Hz, 1H), 2.13 (s, 3H), 2.13 – 2.10 (m, 2H), 1.55 (s, 9H) ; 13C-NMR (100 MHz，
CDCl3) δ: 169.9, 153.3, 151.1, 140.2, 131.5, 130.5, 124.1, 123.0, 115.2, 86.6, 82.9, 63.7, 62.5, 32.3, 28.1, 20.7 ; MS m/z : 
362 (M+), 202 (100 %) ; HRMS (EI) Calcd. C18H22O6N2 : 362.1478, Found : 362.1454 
36b : IR (neat) : 3281, 2979, 2931, 1757, 1737, 1454, 1371 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.17 (d, J = 8.3 Hz, 
1H), 7.61 (s, 1H), 7.54 (d, J = 8.0 Hz, 1H), 7.37 (dd, J = 8.3, 8.3 Hz, 1H), 7.28 − 7.24 (m, 1H), 6. 00 (br, 1H), 5.22 − 5.18 
(m, 1H), 4.76 (dd, J = 8.5, 8.5 Hz, 1H), 4.41 (dd, J = 6.7, 8.5 Hz, 1H), 1.67 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 
159.4, 149.3, 136.2, 127.2, 125.2, 123.7, 123.0, 118.8, 118.6, 115.7, 84.3, 70.4, 49.6, 28.1 ; MS m/z : 302 (M+), 57 








(3R)-1-tert-Butoxycarbonyl-2-methylen-spiro[3H-indol-3,6’-[1’,3’]oxazinan]-2’-one (37c) (Table 2, entry 1) : To a 
solution of carbamate 19c (5.00 g, 15.7 mmol) in CH2Cl2 (157 ml) at rt were added MgO (1.58 g, 39.3 mmol, 2.5 eq.), 
PhI(OAc)2 (7.08 g, 22.0 mmol, 1.4 eq.) and Rh2(OAc)4 (347 mg, 0.785 mmol, 5 mol%).  The reaction mixture was 
stirred vigorously at reflux for 10 h.  The mixture was allowed to cool to rt and filtered through a Celite pad.  The 
filtrate was concentrated in vacuo, and the residue was purified by column chromatography (1:1 AcOEt:hexane) to give 
cyclic carbamate 37c as a white amorphous solid (4.52 g, 14.3 mmol, 91% ). 
IR (neat) : 2979, 2933, 1788, 1716, 1654, 1604 cm-1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.79 (d, J = 8.8 Hz, 1H), 7.34 – 
7.30 (m, 2H), 7.12 (dd, J = 7.5, 7.5 Hz, 1H), 5.82 (d, J = 1.6 Hz, 1H), 5.64 (br, 1H), 5.00 (d, J = 1.6 Hz, 1H), 4.56 – 4.50 
(m, 1H), 4.41 – 4.36 (m, 1H), 2.08 (t, J = 5.8 Hz, 2H), 1.64 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 153.2, 151.1, 150.6, 













































(2E/Z)-1-tert-Butoxycarbonyl-2-ethyliden-spiro[3H-indol-3,6’-[1’,3’]oxazinan]-2’-one (37d) and 
4-(1-tert-Butoxycarbonyl-2-ethyl-1H-indol-3-yl-oxazolidin-2-one (36d) (Table 1, entry 2) : To a solution of carbamate 
19d (105 mg, 0.316 mmol) in CH2Cl2 (3.2 ml) at rt were added MgO (31.8 mg, 0.79 mmol, 2.5 eq.), PhI(OAc)2 (142 mg, 
0.442 mmol, 1.4 eq.) and Rh2(OAc)4 (7.7 mg, 0.0158 mmol, 5 mol%).  The reaction mixture was stirred vigorously at 
reflux for 18 h.  The mixture was allowed to cool to rt and filtered through a Celite pad.  The filtrate was concentrated 
in vacuo, and the residue was purified by column chromatography (1:2 AcOEt:hexane) to give cyclic carbamate 36d as a 
colorless oil (10.7 mg, 0.0323 mmol, 10%) and cyclic carbamate 37d as white a amorphous solid (87.9 mg, 0.267 mmol, 
85%). 
36d : IR (neat) : 3269, 2979, 2933, 1735, 1604 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.12 (d, J = 8.3 Hz, 1H), 7.63 (d, J 
= 7.8 Hz, 1H), 7.30 – 7.20 (m, 2H), 5.49 (br, 1H), 5.31 – 5.27 (m, 1H), 4.71 – 4.67 (m, 1H), 4.51 – 4.47 (m, 1H), 3.11 (dt, 
J = 14.5, 7.4 Hz, 1H), 3.00 (dt, J = 14.5, 7.4 Hz, 1H), 1.72 (s, 9H), 1.22 (t, J = 7.4 Hz, 3H) ; 13C-NMR (100 MHz，
CDCl3) δ: 159.1, 149.9, 141.5, 136.2, 126.3, 124.1, 123.0, 118.6, 115.8, 113.4, 84.5, 69.7, 48.9, 28.2, 19.8, 15.8 ; MS 
m/z : 330 (M+), 57 (100%) ; HRMS (EI) Calcd. C18H22O4N2 : 330.1580, Found : 330.1582 
37d : IR (neat) : 3244, 2979, 2927, 1707 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.68 (d, J = 8.5 Hz, 0.53H), 7.59 (d, J = 
8.0 Hz, 0.47H), 7.33 – 7.27 (m, 2H), 7.15 – 7.08 (m, 1H), 6.52 (q, J = 7.7 Hz, 0.53H), 5.66 (br, 0.53H), 5.45 (q, J = 7.0 
Hz, 0.47H) , 5.36 (br, 0.47H), 4.54 (dt, J = 16.0, 5.6 Hz, 0.53H), 4.48 – 4.39 (m, 1H), 4.31 (dt, J = 11.2, 4.0 Hz, 0.47H), 
2.53 – 2.45 (m, 0.53H), 1.95 (d, J = 7.7 Hz, 1.68H), 1.74 (d, J = 7.7 Hz, 1.41H), 1.62 (s, 4.77H), 1.58 (s, 4.23H) ; 
13C-NMR (100 MHz，CDCl3) δ: 153.9, 153.5, 151.8, 150.8, 143.2, 141.5, 141.5, 140.0, 134.1, 133.3, 129.5, 129.4, 124.4, 
123.5, 122.8, 122.0, 117.2, 116.5, 112.4, 111.7, 82.8, 82.4, 63.3, 62.7, 61.6, 60.3, 33.3, 33.1, 28.3, 28.1, 14.4, 11.7 ; MS 








1-tert-Butoxycarbonyl-2-(3,3-dimethyl-but-1-enylidene)-spiro[3H-indol-3,6’-[1’,3’]oxazinan]-2’-one (37e) and 
4-[1-tert-Butoxycarbonyl-2-tert-butylethynyl-1H-indol-3-yl-oxazolidin-2-one (36e) (Table 1, entry 3) : To a solution 
of carbamate 2c (27 mg, 0.0699 mmol) in CH2Cl2 (3.5 ml) at rt were added MgO (8.5 mg, 0.210 mmol, 3.0 eq.), 
PhI(OAc)2 (36 mg, 0.112 mmol, 1.6 eq.) and Rh2(OAc)4 (2.2 mg, 4.9 µmol, 7 mol%).  The reaction mixture was stirred 
vigorously at reflux for 7 h.  The mixture was allowed to cool to rt and filtered through a Celite pad.  The filtrate was 
concentrated in vacuo, and the residue was purified by column chromatography (1:1 AcOEt:hexane) to give cyclic 
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solid (6.8 mg, 0.0177 mmol, 25%). 
37e : IR (neat) : 3244, 3121, 2963, 1970, 1712, 1479, 1358 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.82 (d, J = 8.4 Hz, 
1H), 7.35 – 7.31 (m, 2H), 7.12 – 7.08 (m, 1H), 6.02 (s, 1H), 5.45 (br, 1H), 4.64 – 4.58 (m, 1H), 4.46 – 4.41 (m, 1H), 2.28 
– 2.24 (m, 2H), 1.59 (s, 9H), 1.16 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 189.6, 153.0, 150.4, 140.2, 132.0, 130.2, 
123.5, 123.1, 118.5, 116.5, 115.8, 83.1, 63.0, 61.2, 35.5, 33.7, 29.6, 28.4 ; MS m/z : 384 (M+), 224 (100 %) ; HRMS (EI) 
Calcd. C22H28O4N2 : 384.2049, Found : 384.2051 
36e : IR (neat) : 3270, 2962, 1732, 1476, 1456, 1394, 1369, 1321 cm−1 ; 1H-NMR (400 MHz，CDCl3, rotation isomer) δ: 
8.18 (d, J = 8.4 Hz, 1H), 7.65 (d, J = 8.0 Hz, 0.5 H), 7.60 (d, J = 8.0 Hz, 0.5 H), 7.35 – 7.31 (m, 1H), 7.27 – 7.23 (m, 1H), 
6.26 (d, J = 12.4 Hz, 0.5 H), 6.16 (d, J = 12.4 Hz, 0.5 H), 5.83 (d, J = 12.4 Hz, 0.5 H), 5.81 (d, J = 12.4 Hz, 0.5 H), 5.50 
(br, 1H), 5.27 – 5.21 (m, 1H), 4.75 (m, 0.5 H), 4.67 – 4.60 (m, 1H), 4.45 – 4.41 (m, 0.5 H), 1.64 (s, 9H), 0.95 (s, 4.5 H), 
0.89 (m, 4.5 H) ; 13C-NMR (100 MHz，CDCl3, rotation isomer) δ: 159.5, 159.1, 149.7, 146.1, 145.6, 136.2, 134.65, 
134.59, 126.0, 125.8, 124.6, 124.5, 123.2, 123.1, 119.1, 118.9, 116.45, 116.38, 116.1, 115.78, 115.76, 115.5, 84.4, 69.6, 
69.1, 49.7, 48.9, 34.5, 30.03, 29.97, 28.2, 28.1 ; MS m/z : 328 (M+ - 56), 328 (100 %) ; HRMS (EI) Calcd. C22H28O4N2 : 







1-tert-Butoxycarbonyl-2-(2-acetoxyethylidene)-spiro[3H-indol-3,6’-[1’,3’]oxazinan]-2’-one (37f) and 
4-(1-tert-Butoxycarbonyl-2-vinyl-1H-indol-3-yl)oxazolidin-2-one (36f) (Table 1, entry 4) : To a solution of carbamate 
19f (19.6 mg, 0.0593 mmol) in CH2Cl2 (1.0 ml) at rt were added MgO (6.0 mg, 0.148 mmol, 2.5 eq.), PhI(OAc)2 (27 mg, 
0.0831 mmol, 1.4 eq.) and Rh2(OAc)4 (1.3 mg, 3.0 µmol, 5 mol%).  The reaction mixture was stirred vigorously at 
reflux for 12 h.  The mixture was allowed to cool to rt and filtered through a Celite pad.  The filtrate was concentrated 
in vacuo and the residue was purified by preparative TLC (1:1 AcOEt:hexane) to give cyclic carbamate 37f as a white 
amorphous solid (5.9 mg, 0.0178 mmol, 30%) and cyclic carbamate 36f as a brown oil (5.1 mg, 0.0156 mmol, 26% ). 
The ratio of 37f and 36f was determined by crude 1H NMR. 
37f : IR (neat) : 3234, 3115, 2980, 2929, 1712, 1604, 1480, 1369, 1312 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.71 (d, J = 
7.6 Hz, 1H), 7.34 – 7.30 (m, 2H), 7.13 (m, 1H), 6.52 (dd, J = 7.6, 7.6 Hz, 1H), 5.99 (br, 1H), 5.03 (dd, J = 7.6, 13.2 Hz, 
1H), 4.99 (dd, J = 7.6, 13.2 Hz, 1H), 4.60 – 4.54 (m, 1H), 4.45 – 4.40 (m, 1H), 2.56 – 2.48 (m, 1H), 2.11 – 2.03 (m, 1H), 
2.08 (s, 3H), 1.63 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 171.0, 152.5, 151.2, 145.5, 139.9, 132.9, 130.0, 124.0, 123.0, 
116.6, 110.7, 83.8, 63.1, 62.3, 59.2, 34.0, 28.4, 21.1 ; MS m/z : 388 (M+), 57 (100 %) ; HRMS (EI) Calcd. C20H24O6N2 : 
388.1634, Found : 388.1641 
36f : IR (neat) : 3297, 2924, 2852, 1735, 1456, 1371, 1321 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.15 (d, J = 8.4 Hz, 1H), 
7.74 (d, J = 7.6 Hz, 1H), 7.38 – 7.26 (m, 2H), 6.95 (dd, J = 11.2, 18.0 Hz, 1H), 5.57 (dd, J = 1.2, 11.2 Hz, 1H), 5.37 (dd, 
J = 8.2, 8.8 Hz, 1H), 5.23 (br, 1H), 5.18 (dd, J = 1.2, 18.0, 1H), 4.69 (dd, J = 8.8, 9.0 Hz, 1H), 4.55 (dd, J= 8.2, 9.0 Hz, 
1H), 1.67 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 159.0, 150.0, 137.7, 136.0, 128.6, 126.5, 125.2, 123.4, 119.7, 119.6, 
115.9, 115.8, 84.9, 70.0, 49.2, 28.2 ; MS (FAB) m/z : 329 (M++1), 57 (100 %) ; HRMS (FAB) Calcd. C18H21O4N2 : 



























4-(1-tert-Butoxycarbonyl-2-tert-butylethynyl-1H-indol-3-yl)oxazolidin-2-one (36g) (Table 1, entry 5) : To a solution 
of carbamate 19g (113 mg, 0.294 mmol) in CH2Cl2 (2.9 ml) at rt were added MgO (29.7 mg, 0.735 mmol, 2.5 eq.), 
PhI(OAc)2 (133 mg, 0.412 mmol, 1.4 eq.) and Rh2(OAc)4 (6.5 mg, 14.7 µmol, 5 mol%).  The reaction mixture was 
stirred vigorously at reflux for 24 h.  The mixture was allowed to cool to rt and filtered through a Celite pad.  The 
filtrate was concentrated in vacuo, and the residue was purified by column chromatography (1:2 AcOEt:hexane) to give 
cyclic carbamate 36g as a white amorphous solid (34.1 mg, 0.0892 mmol, 30% ). 
IR (neat) : 3324, 2974, 1977 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.14 (d, J = 8.6 Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H), 
7.35 (dd, J = 7.3, 7.8 Hz, 1H), 7.27 – 7.24 (m, 1H), 5.43 (dd, J = 7.6, 9.0 Hz, 1H), 5.32 (br, 1H), 4.75 (dd, J = 8.7, 9.0 Hz, 
1H), 4.50 (dd, J = 7.6, 8.7 Hz, 1H), 1.70 (s, 9H), 1.39 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 149.1, 136.0, 125.8, 
125.7, 123.4, 122.9, 120.1, 118.9, 115.8, 109.3, 84.8, 69.8, 69.5, 49.5, 30.7, 28.7, 28.3 ; MS m/z : 382 (M+), 326 (100%) ; 








(Scheme 40): To a solution of sulfamate ester 19h (70 mg, 0.206 mmol) in CH2Cl2 (2.1 ml) at rt were added MgO (19 
mg, 0.473 mmol, 2.3 eq.), PhI(OAc)2 (73 mg, 0.226 mmol, 1.1 eq.) and Rh2(OAc)4 (1.8 mg, 4.1 µmol, 2 mol%).  The 
reaction mixture was stirred vigorously at rt for 2 h.  The mixture was filtered through a Celite pad.  The filtrate was 
concentrated in vacuo, and the residue was purified by column chromatography (1:2 AcOEt:hexane) to give cyclic 
sulfamate ester 37h as a colorless oil (21 mg, 0.0527 mmol, 26%). 
IR (neat) : 3267, 2980, 1763, 1718, 1605, 1483, 1389, 1308 cm−1  ; 1H-NMR (400 MHz，CDCl3) δ: 7.79 (d, J = 7.3 Hz, 
1H), 7.45 – 7.43 (m, 1H), 7.37 – 7.33 (m, 1H), 7.13 (dd, J = 7.6, 7.6 Hz, 1H), 6.93 (s, 1H), 5.02 (s, 1H), 4.97 (ddd, J = 
2.4, 12.0, 12.0 Hz, 1H), 4.63 (ddd, J = 2.4, 4.9, 12.0 Hz, 1H), 2.31 (ddd, J = 4.9, 12.0, 15.0 Hz, 1H), 2.10 (s, 3H), 2.05 – 
2.01 (m, 1H), 1.56 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 167.9, 151.1, 139.9, 131.1, 130.8, 124.2, 123.1, 115.6, 83.3, 
83.1, 69.8, 66.7, 32.5, 28.2, 20.9 ; MS m/z : 398 (M+), 144 (100 %) ; HRMS (EI) Calcd. C17H22O8N2O7S : 398.1148, 































































1-tert-Butoxycarbonyl-2-methylen-spiro[3H-indol-3,4’-[1’,2’,3’]oxathiazinan]-2’,2’-dione (37i) (Scheme 40) : To a 
solution of sulfamate ester 19i (50 mg, 0.141 mmol) in CH2Cl2 (1.4 ml) at rt were added MgO (13 mg, 0.324 mmol, 2.3 
eq.), PhI(OAc)2 (50 mg, 0.156 mmol, 1.1 eq.) and Rh2(OAc)4 (1.2 mg, 2.8 µmol, 2 mol%).  The reaction mixture was 
stirred vigorously at rt for 2 h.  The mixture was filtered through a Celite pad.  The filtrate was concentrated in vacuo, 
and the residue was purified by column chromatography (1:2 AcOEt:hexane) to give cyclic sulfamate ester 37i as a white 
amorphous solid (22 mg, 0.0624 mmol, 44%) 
IR (neat) : 3272, 2979, 2930, 1715, 1480, 1355 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.82 (m, 2H), 7.37 – 7.33 (m, 2H), 
7.15 (dd, J = 7.6, 7.6 Hz, 1H), 5.94 (d, J = 2.1 Hz, 1H), 5.27 (d, J = 2.1 Hz, 1H), 4.87 (ddd, J = 4.3, 8.7, 11.6 Hz, 1H), 
4.81 – 4.69 (m, 1H), 2.40 (ddd, J = 5.1, 8.7, 15.0 Hz, 1H), 2.30 (ddd, J = 4.5, 5.6, 15.0 Hz, 1H), 1.64 (s, 9H) ; 13C-NMR 
(100 MHz，CDCl3) δ: 151.0, 150.4, 140.3, 130.7, 130.2, 124.2, 124.1, 116.0, 97.6, 83.7, 68.3, 65.4, 34.5, 28.3 ; MS m/z : 
352 (M+), 57 (100 %) ; HRMS (EI) Calcd. C16H20O5N2S : 352.1093, Found : 352.1084 
 






1,1’-Di-tert-butoxycarbonyl-spiro[2,3-dihydro-1H-indol-3,6’-[1’,3’]oxazinan]-2,2’-dione (38c) (Scheme 44) : Cyclic 
carbamate 37c (100 mg, 0.316 mmol) was dissolved in CH2Cl2/MeOH (7.9/7.9 ml).  The solution was cooled at −78 oC 
and ozone was introduced for 1 min and followed by argon gas for 5 min.  To the mixture was added Me2S (0.232 ml, 
3.16 ml, 10 eq.), allowed to warm slowly at rt and stirred for overnight.  The solution was concentrated in vacuo.  To 
the crude mixture was added Boc2O (0.109 ml, 0.474 mmol, 1.5 eq.) and DMAP (3.9 mg, 31.6 µmol, 10 mol%).  After 
the reaction mixture was stirred for 30 min, water was added and the resultant mixture was extracted with AcOEt.  The 
organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by 
column chromatography (1:2 AcOEt:hexane) to give amide 38c as a white amorphous solid (114 mg, 0.272 mmol, 86%). 
IR (neat) : 2980, 2924, 1793, 1733 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.92 (d, J = 8.3 Hz, 1H), 7.40 (dd, J = 7.6, 8.3 
Hz, 1H), 7.31 (d, J = 7.6 Hz, 1H), 7.22 (dd, J = 7.6, 7.6 Hz, 1H), 4.73 (ddd, J = 2.9, 5.0, 11.5 Hz, 1H), 4.32 (ddd, J = 3.4, 
5.8, 11.5 Hz, 1H), 2.32 (ddd, J = 2.9, 5.8, 14.1 Hz, 1H), 2.23 (ddd, J = 3.4, 9.0, 14.1 Hz, 1H), 1.65 (s, 9H), 1.16 (s, 9H) ; 
13C-NMR (100 MHz，CDCl3) δ: 173.2, 149.3, 149.0, 148.8, 138.4, 130.0, 129.3, 125.1, 121.5, 115.6, 85.3, 85.0, 63.5, 
61.7, 34.0, 28.0, 27.1 ; MS m/z : 418 (M+), 218 (100%) ; HRMS Calcd. C21H26O7N2 : 418.1740, Found : 418.1748 
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Ethyl 2-(5-Methoxy-2-methyl-1H-indol-3-yl)acetate (S2) 90: A mixture of 4-methoxyphenylhydrazine hydrochloride S1 
(5.00 g, 28.7 mmol), ethyl levulinate (4.06 ml, 28.7 mmol, 1.0 eq.), and sodium acetate (2.35 g, 28.7 mmol) in AcOH (41 
ml) was heated at reflux for 3 h.  The solvent was removed under vacuum.  The residue was dissolved in EtOH (24 ml).  
A solution of HCl in dioxane (4.0 M solution, 15 ml) was added.  The mixture was heated at reflux for 10 h.  The 
mixture was concentrated under vacuum and the residue was dissolved in AcOEt.  The resultant solution was washed 
with H2O and brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column 
chromatography (1:4 to 1:2 AcOEt:hexane) to give indole S2 as a yellow oil (6.62 g, 26.8 mmol, 93%). 
IR (neat) : 3398, 2982, 2938, 2830, 1729, 1628, 1593, 1486, 1455, 1303 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.73 (br, 
1H), 7.13 (d, J = 8.8 Hz, 1H), 7.00 (d, J = 2.4 Hz, 1H), 6.76 (dd, J = 2.4, 8.8 Hz, 1H), 4.12 (q, J = 7.2 Hz, 2H), 3.85 (s, 
3H), 3.64 (s, 2H), 2.39 (s, 3H), 1.24 (t, J = 7.2 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 172.2, 153.9, 133.6, 130.2, 
128.8, 111.0, 110.7, 104.1, 100.3, 60.6, 55.8, 30.4, 14.1, 11.4 ; MS m/z : 247 (M+), 174 (100 %) ; HRMS (EI) Calcd. 
C14H17O3N : 247.1208, Found : 247.12084 
 
2-(1-tert-Butoxycarbonyl-5-methoxy-2-methyl-1H-indol-3-yl)ethanol (S3) : To a solution of indole S2 (2.55 g, 10.3 
mmol) in CH2Cl2 (50 ml) at rt were added Et3N (4.30 ml, 30.9 mmol, 3.0 eq.), Boc2O (2.70 g, 15.5 mmol, 1.5 eq.), and 
DMAP (126 mg, 0.103 mmol, 10 mol%).  After the reaction mixture was stirred for 30 min, water was added and the 
resultant solution was extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo to provide a Boc-protected product that was used in the next reaction without further purification.  
To a solution of crude ester in THF (50 ml) at 0 oC was added LiAlH4 (587 mg, 15.5 mmol, 1.5 eq.).  After the reaction 
mixture was stirred for 10 min, the reaction was quenched with H2O. And the resultant mixture was filtered through a 
Celite pad and concentrated in vacuo.  The resulting mixture was extracted with AcOEt.  The organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography 
(1:4 to 1:2 AcOEt:hexane) to give alcohol S3 as a yellow oil (3.04 g, 0.995 mmol, 97% for 2 steps). 
IR (neat) : 3430, 2977, 2934, 1725, 1607, 1478, 1458, 1375, 1330 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.98 (d, J = 9.2 
Hz, 1H), 6.91 (d, J = 2.4 Hz, 1H), 6.83 (dd, J = 2.4, 9.2 Hz, 1H), 3.83 (s, 3H), 3.78 (t, J = 6.8 Hz, 2H), 2.89 (t, J = 6.8 Hz, 
2H), 2.53 (s, 3H), 1.66 (s, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 155.7, 150.5, 135.2, 130.7, 130.4, 116.1, 114.2, 111.4, 
100.9, 83.3, 62.1, 55.6, 28.2, 27.5, 14.0 ; MS m/z : 305 (M+), 174 (100%) ; HRMS (EI) Calcd. C17H23O4N : 305.1627, 
Found : 305.1649 
 
1-tert-Butoxycarbonyl-3-(2-carbamoyloxyethyl)-5-methoxy-2-methyl-1H-indole (19j) : To a solution of alcohol S3 
(2.12 g, 6.95 mmol) in CH2Cl2 (35 ml) at 0 oC was added trichloroacetyl isocyanate (0.99 ml, 8.34 mmol, 1.2 eq.) and the 
mixture was stirred for 5 min.  When TLC indicated consumption of the alcohol, MeOH (35 ml) and K2CO3 (192 mg, 
1.39 mmol, 0.20 eq.) were added to the reaction mixture.  The mixture was allowed to warm to rt and stirred for 3 h. 
Then, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo.  The crude product was purified by recrystallization from CHCl3/hexane 
to give to give carbamate 19j as a white solid (2.18 g, 6.25 mmol, 90%). 
mp: 167 – 169 oC ; IR (neat) : 3411, 3321, 3269, 3209, 2980, 2956, 2936, 2828, 1725, 1682, 1613, 1478, 1448, 1380, 
1370, 1343, 1315 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.97 (d, J = 8.8 Hz, 1H), 6.95 (s, 1H), 6.83 (d, J = 8.8 Hz, 1H), 
4.69 (s, 2H), 4.20 (t, J = 6.8 Hz, 2H), 3.86 (s, 3H), 2.97 (t, J = 6.8 Hz, 2H), 2.54 (s, 3H), 1.67 (s, 9H) ; 13C-NMR (100 
MHz, CDCl3) δ: 156.8, 155.8, 150.6, 135.2, 130.7, 130.3, 116.2, 113.8, 111.5, 100.8, 83.4, 64.3, 55.7, 28.3, 24.0, 14.0 ; 














Ethyl 2-(5-Bromo-2-methyl-1H-indol-3-yl)acetate (S5) 91: A mixture of 4-bromophenylhydrazine hydrochloride S4 
(3.00 g, 13.4 mmol) and ethyl levulinate (2.00 ml, 13.4 mmol, 1.0 eq.) in AcOH (13.4 ml) was heated at reflux for 21 h.  
The solvent was removed under vacuum.  The residue was dissolved in EtOH (13.4 ml).  A solution of HCl in dioxane 
(4.0 M solution, 4.0 ml) was added.  The mixture was heated at reflux for 4.5 h.  The mixture was concentrated under 
vacuum and the residue was dissolved in AcOEt.  The resultant solution was washed with H2O and brine, dried over 
MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:4 AcOEt:hexane) to give 
indole S5 as a yellow oil (3.18 g, 10.7 mmol, 80%). 
IR (neat) : 3361, 2981, 2920, 1722, 1577, 1470, 1306 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.05 (br, 1H), 7.63 (s, 1H), 
7.14 (d, J = 8.4 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 4.13 (q, J = 7.2 Hz, 2H), 3.61 (s, 2H), 2.30 (s, 3H), 1.25 (t, J = 7.2 Hz, 
3H) ; 13C-NMR (100 MHz，CDCl3) δ: 171.9, 134.2, 133.7, 130.2, 123.8, 120.6, 122.7, 111.7, 104.2, 60.8, 30.2, 14.2, 
11.6 ; MS m/z : 297 (M++2), 295 (M+), 222 (100 %) ; HRMS (EI) Calcd. C13H14O2N79Br : 295.0208, Found : 295.0199 
 
5-Bromo-2-(1-tert-butoxycarbonyl-2-methyl-1H-indol-3-yl)ethanol (S6) : To a solution of indole S5 (1.65 g, 5.57 
mmol) in CH2Cl2 (28 ml) at rt were added Et3N (2.34 ml, 16.7 mmol, 3.0 eq.), Boc2O (1.92 ml, 8.36 mmol, 1.5 eq.), and 
DMAP (68 mg, 0.557 mmol, 10 mol%).  After the reaction mixture was stirred for 10 min, water was added and the 
resultant solution was extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo to provide a Boc-protected product that was used in the next reaction without further purification.  
To a solution of crude ester in THF (28 ml) at 0 oC was added LiAlH4 (254 mg, 6.69 mmol, 1.2 eq.).  After the reaction 
mixture was stirred for 10 min, the reaction was quenched with H2O.  And the resultant mixture was filtered through a 
Celite pad, and concentrated in vacuo.  The resulting mixture was extracted with AcOEt.  The organic layer was 
washed with brine, dried over MgSO4, concentrated in vacuo.  The residue was purified by column chromatography (1:4 
to 1:2 AcOEt:hexane) to give alcohol S6 as a yellow amorphous solid (1.57 g, 4.44 mmol, 80% for 2 steps). 
IR (neat) : 3389, 2979, 2933, 2877, 1734, 1606, 1590, 1459, 1370, 1353, 1317 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 
7.96 (d, J = 8.8 Hz, 1H), 7.55 (d, J = 1.6 Hz, 1H), 7.29 (dd, J = 1.6, 8.8 Hz, 1H), 3.76 (t, J = 6.8 Hz, 2H), 2.86 (t, J = 6.8 
Hz, 2H), 2.53 (s, 3H), 1.66 (s, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 150.2, 135.7, 134.5, 131.7, 126.0, 120.3, 116.3, 
115.7, 113.9, 84.0, 62.0, 28.1, 27.3, 14.0 ; MS m/z : 355, (M++2), 353 (M+), 297 (100%) ; HRMS (EI) Calcd. 
C16H20O3N79Br : 353.0627, Found :353.0624 
 
5-Bromo-1-tert-butoxycarbonyl-3-(2-carbamoyloxyethyl)-2-methyl-1H-indole (19k) : To a solution of alcohol S6 
(1.55 g, 4.38 mmol) in CH2Cl2 (22 ml) at 0 oC was added trichloroacetyl isocyanate (0.63 ml, 5.26 mmol, 1.2 eq.) and the 
mixture was stirred for 5 min.  When TLC indicated consumption of the alcohol, MeOH (22 ml) and K2CO3 (121 mg, 
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Then, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo.  The crude product was purified by recrystallization from CHCl3/hexane 
to give to give carbamate 19k as a white solid (1.48 g, 3.73 mmol, 85%). 
mp: 161 – 162 oC ; IR (neat) : 3422, 3325, 3268, 2979, 2955, 1740, 1686, 1454, 1371, 1344, 1311 cm−1 ; 1H-NMR (400 
MHz, CDCl3) δ: 7.96 (d, J = 9.2 Hz, 1H), 7.58 (d, J = 2.0 Hz, 1H), 7.31 (dd, J = 2.0, 9.2 Hz, 1H), 4.65 (br, 2H), 4.19 (t, J 
= 6.8 Hz, 2H), 2.95 (t, J = 6.8 Hz, 2H), 2.55 (s, 3H), 1.67 (s, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 156.6, 150.3, 135.8, 
134.5, 131.7, 126.1, 120.4, 116.9, 115.8, 113.5, 84.1, 64.3, 28.2, 23.8, 14.0 ; MS m/z : 398 (M++2), 396 (M+), 222 














6-Bromo-3-indoleacetonitrile (S8) : Eschenmoser’s salt (446 mg, 2.41 mmol, 1.2 eq.) was added to a solution of 
6-bromoindole S7 (394 mg, 2.01 mmol) in MeCN/AcOH (9/1 ml) and the mixture was stirred at rt.  After 3 h, the 
solution was brought to pH>9 by addition of 10% KOH solution and the resultant solution was extracted with AcOEt.  
The organic layer was washed with brine, dried over Na2SO4, and concentrated in vacuo to give the crude gramine as a 
yellowish solid.  Methyl iodide (0.25 ml, 4.02 mmol, 2.0 eq.) was added to a solution of the gramine in EtOH (10 ml) 
and the mixture was stirred ar rt for 18 h.  Concentration in vacuo gave the crude ammonium salt as a yellow solid.  To 
a solution of this crude salt in DMF (10 ml) was added a solution of NaCN (492 mg, 10.0 mmol, 5.0 eq.) in water (2.0 
ml) and the mixture was heated at 70 oC for 4 h.  After cooling to rt, the mixture was diluted with Et2O, washed with 
waster and brine, concentrated in vacuo.  The residue was purified by column chromatography (1:4 to 1:2 
AcOEt:hexane) to give indole S8 as a yellow solid (461 mg, 1.96 mmol, 98%). 
IR (neat) : 3853, 2253, 1614, 1547, 1456, 1410, 1339 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.32 (s, 1H), 7.50 (s, 1H), 
7.41 (d, J = 8.0 Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.13 (s, 1H), 3.78 (s, 2H) ; 13C-NMR (100 MHz，CDCl3) δ: 137.0 
(136.9), 124.8 (124.8), 123.4 (123.5, 123.2), 119.2 (119.2), 118.0 (117.8), 116.4 (116.4), 114.4 (114.4), 104.7 (104.9), 
14.2 (14.2) [Reported 13C-NMR data94 was presented in the parenthesis. The one peak corresponding to that of reported 
data (123.5 or 123.2 ) was not observed.] ; MS m/z : 236 (M++2), 234.0 (M+), 234.0 (100 %) ; HRMS (EI) Calcd. 
C10H7N279Br : 233.9793, Found : 233.9789 
 
Methyl 6-Bromo-3-indoleacetate (S9) 33b : To a solution of nitrile S8 (334 mg, 1.42 mmol) in MeOH (1.7 ml) was added 
a solution of KOH (646 mg, 11.5 mmol, 8.1 eq.) in H2O (5.7 ml) and the mixture was heated at 100 oC for 2 h.  The 
reaction was diluted with water (5.7 ml), cooled to 0 oC, and acidified (pH~1) with 6N HCl solution.  The precipitate 
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solid.  A solution of HCl in MeOH was prepared by adding SOCl2 (0.104 ml, 1.42 mmol) dropwise to anhydrous MeOH 
(4 ml) at 0 oC.  This solution was added to a solution of crude indoleacetic acid in MeOH (6.0 ml) at 0 oC.  The 
mixture was allowed to reach rt and stirred for 2 h.  The resulting solution was neutralized with solid NaHCO3 (239 mg, 
2.84 mmol, 2.0 eq.).  Then, AcOEt was added and the resultant solution was washed with water and brine, dried over 
MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:4 to 1:2 AcOEt:hexane) to 
give ester S9 as a yellow solid (319 mg, 1.19 mmol, 84% for 2 steps). 
IR (neat) : 3413, 2951, 1727, 1616, 1455, 1437, 1333 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.20 (s, 1H), 7.43 (d, J = 8.7 
Hz, 1H), 7.40 (s, 1H), 7.21 (d, J = 8.7 Hz, 1H), 7.01 (s, 1H), 3.74 (s, 2H), 3.71 (s, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 
172.5, 136.8, 126.1, 123.8, 122.9, 120.0, 115.7, 114.1, 108.4, 52.0, 30.9 ; MS m/z : 269 (M++2), 267 (M+), 208 (100 %) ; 
HRMS (EI) Calcd. C11H10NO279Br : 266.9895, Found : 266.9894 
 
Methyl 6-Bromo-2-iodo-3-indoleacetate (S10) : To a solution of indole S9 (385 mg, 1.44 mmol) and AgOTf (443 mg, 
1.72 mmol, 1.2 eq.) in THF (4.9 ml) was added a solution of iodine (364 mmol, 1.44 mmol, 1.0 eq.) in THF (2.1 ml). The 
mixture was stirred for 10 min.  The reaction was quenched with saturated Na2S2O3 solution.  And the resultant 
solution was extracted with AcOEt and the organic layer was washed with brine, dried over Na2SO4, and concentrated in 
vacuo to give the crude iodoindole that was used in the next reaction without further purification. 
To a solution of crude 2-iodoindole in CH2Cl2 (7.0 ml) were added Et3N (0.603 ml, 4.31 mmol, 3.0 eq.), Boc2O (0.495 ml, 
2.15 mmol, 1.5 eq.), and DMAP (18 mg, 0.144 mmol, 10 mol%) and the resultant solution was stirred at rt for 20 min.  
The reaction mixture was diluted with AcOEt, washed with water, and brine and concentrated in vacuo.  The residue 
was purified by column chromatography (1:6 AcOEt:hexane) to give Boc-indole S10 as a yellow solid (569 mg, 1.15 
mmol, 80% for 2 steps). 
IR (neat) : 2980, 2951, 1739, 1346 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.32 (s, 1H), 7.34 (s, 2H), 3.78 (s, 2H), 3.69 (s, 
3H), 1.72 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 170.4, 148.8, 138.5, 128.3, 126.2, 122.8, 119.4, 118.9, 118.6, 86.0, 
81.4, 52.3, 34.0, 28.3 ; MS m/z : 495 (M++2), 493 (M+), 393 (100 %) ; HRMS (EI) Calcd. C16H17O4N79BrI : 492.9386, 
Found : 492.9373 
  
Methyl (6-Bromo-1-tert-butoxycarbonyl-2-methyl-1H-indol-3yl)acetate (S11) : To a solution of indole S10 (60 mg, 
0.122 mmol) in THF (1.2 ml) at 0 oC were added Pd(PPh3)4 (14 mg, 0.0122 mmol, 10 mol%) and Me2Zn (1.0 M in 
hexane, 0.37 ml, 0.366 mmol, 3.0 eq.).  After the reaction mixture was stirred for 2.5 h at rt, the reaction was quenched 
with saturated NH4Cl solution.  The resultant solution was extracted with AcOEt.  The organic layer was washed with 
brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:10 to 1:8 
AcOEt:hexane) to give indole S11 as a brown oil (41.5 mg, 0.109 mmol, 89%). 
IR (neat) : 2979, 2952, 2933, 1737, 1457, 1429, 1370, 1352, 1315 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.31 (s, 1H), 
7.34 – 7.29 (m, 2H), 3.67 (s, 3H), 3.64 (s, 2H), 2.55 (s, 3H), 1.68 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 171.3, 150.2, 
136.3, 135.7, 128.4, 125.8, 118.9, 118.7, 117.2, 111.1, 84.3, 52.1, 29.9, 28.2, 14.1 ; MS m/z : 383 (M++2), 381 (M+), 325 
(100 %) ; HRMS (EI) Calcd. C17H20O4N79Br : 381.0576, Found : 381.0571 
 
6-Bromo-1-tert-butoxycarbonyl-3-(2-carbamoyloxyethyl)-5-methoxy-2-methyl-1H-indole (19l) : To a solution of 
ester S11 (41.4 mg, 0.108 mmol) in THF (1.0 ml) at 0 oC was added DIBAL-H (1.0 M in toluene, 0.27 ml, 0.271 mmol, 
2.5 eq.).  After the reaction mixture was stirred for 5 min, the reaction was quenched with saturated NH4Cl solution and 
MeOH. The resultant solution was filtered through a Celite pad, and concentrated in vacuo.  The resulting mixture was 
extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo to 
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provide an alcohol product that was used in the next reaction without further purification.   
 To a solution of crude alcohol in CH2Cl2 (1.0 ml) at 0 oC was added trichloroacetyl isocyanate (15 µl, 0.130 mmol, 1.2 
eq.) and the mixture was stirred for 5 min.  When TLC indicated consumption of the alcohol, MeOH (1.0 ml) and 
K2CO3 (3.0 mg, 0.0217 mmol, 0.2 eq.) were added to the reaction mixture.  The mixture was allowed to warm to rt and 
stirred for 3 h. Then, water was added and the resultant solution was extracted with AcOEt.  The organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography 
(1:4 to 1:2 AcOEt:hexane) to give carbamate 19l as a white amorphous solid (41.3 mg, 0.104 mmol, 96% for 2 steps). 
IR (neat) : 3477, 3357, 2978, 2931, 1735, 1719, 1709, 1604, 1459, 1426, 1355, 1315 cm−1 ; 1H-NMR (400 MHz, CDCl3) 
δ: 8.30 (s, 1H), 7.320 (s, 1H), 7.317 (s, 1H), 4.68 (br, 2H), 4.18 (t, J = 6.8 Hz, 2H), 2.96 (t, J = 6.8 Hz, 2H), 2.53 (s, 3H), 
1.68 (s, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 156.7, 150.2, 136.4, 135.0, 128.7, 125.6, 118.72, 118.65, 117.0, 113.9, 84.2, 
64.2, 28.2, 28.9, 13.9 ; MS m/z : 398 (M++2), 396 (M+), 297 (100%) ; HRMS (EI) Calcd. C17H21O4N279Br : 396.0685, 

















2-Iodo-4-nitro-N-(tert-butoxycarbonyl)aniline (S13) : conc. H2SO4 (4.1 ml, 76.0 mmol, 1.5 eq.) was dissolved in 
MeOH (100 ml).  p-Nitroaniline S12 (7.00 g, 50.7 mmol) and KI (8.41 g, 50.7 mmol, 1.0 eq.) were added in the solution.  
Finally, 30% H2O2 (10.4 ml, 101 mmol, 2.0 eq.) was added and stirred.  After the reaction was stirred at 60 oC for 5 h, 
the reaction mixture was dissolved in CH2Cl2, organic phase was washed with Na2S2O3 solution, water and brine, dried 
over MgSO4, and concentrated in vacuo to give the crude iodide (12.7 g), which was used in the next step without further 
purification. 
 A solution of the crude aniline, Boc2O (26.5 mmol, 115 mmol, 2.4 eq.), and DMAP (588 mg, 48.1 mmol, 10 mol%) in 
THF (241 ml) was stirred at rt for 13.5 h.  The solvent was removed in vacuo to give the crude N,N-diBoc product, 
which was used in the next step without further purification. 
 To a solution of the crude N,N-diBoc product in CH2Cl2 (241 ml) was added TFA (5.56 ml, 72.2 mmol, 1.5 eq.).  After 
being stirred for 8 h, Et3N (20.2 ml, 144 mmol, 3.0 eq.) was added and the mixture was concentrated in vacuo.  The 
resultant solid was dissolved with AcOEt and the resultant solution was washed with water and brine, dried over MgSO4, 
and concentrated in vacuo.  The crude product was purified by recrystallization from hexane to give Boc-aniline S13 
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IR (neat) : 3385, 3078, 1731, 1580, 1526, 1498, 1450, 1343 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.63 (d, J = 2.4 Hz, 
1H), 8.33 (d, J = 9.2 Hz, 1H), 8.20 (dd, J = 2.4, 9.2 Hz, 1H), 7.19 (br, 1H), 1.56 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 
151.6, 144.6, 142.6, 134.4, 124.9, 117.6, 85.8, 82.6, 28.1 ; MS m/z : 364 (M+), 57 (100 %) ; HRMS (EI) Calcd. 
C11H13O4N2I : 363.9920, Found : 363.98940 
 
Ethyl (5-Nitro-1-(tert-butoxycarbonyl)-3-indolyl)acetate (S15) : To a stirred mixture of iodo aniline S13 (6.77 g, 18.6 
mmol) and K2CO3 (10.3 g, 74.4 mmol, 4.0 eq.) in DMF (37 ml) was added ethyl 4-bromocrotonate S14 (3.84 ml, 27.9 
mmol, 1.5 eq.) in one portion.  The mixture was stirred for 1.5 h at rt, PPh3 (488 mg, 1.86 mmol, 10 mol%) and 
Pd(OAc)2 (209 mg, 0.930 mmol, 5 mol%) were added.  After stirring for another 30 min. at rt, the mixture was heated to 
60 oC.  After being stirred for 20 h, the mixture allowed to reach rt before dissolving with Et2O.  The organic layer was 
washed with water and brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column 
chromatography (1:8 to 1:4 AcOEt:hexane) to give indole S15 as a brown solid (5.84 g, 16.8 mmol, 90%). 
IR (neat) : 2981, 2937, 1739, 1523, 1448, 1383, 1340 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.48 (d, J = 2.2 Hz, 1H), 
8.26 (d, J = 7.0 Hz, 1H), 8.21 (dd, J = 2.2, 7.0 Hz, 1H), 7.71 (s, 1H), 4.20 (q, J = 6.8 Hz, 2H), 3.76 (s, 2H), 1.68 (s, 9H), 
1.30 (t, J = 6.8 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 170.4, 148.7, 143.6, 138.6, 130.0, 127.3, 119.8, 115.7, 115.4, 
114.1, 85.1, 61.3, 30.8, 28.1, 14.1 ; MS m/z : 348 (M+), 57 (100 %) ; HRMS (EI) Calcd. C17H20O6N2 : 348.1321, Found : 
348.1306 
 
Ethyl (5-Nitro-1H-3-indolyl)acetate (S16) 92 : A solution of N-Boc indole S15 (5.18 g, 14.9 mmol) in CH2Cl2 was 
evaporated with silica gel (40 g).  This gel was then evacuated (1 mmHg) at 60 oC using vacuum pump with protection 
from light for 8 h.  Purification was achieved on a short gel column to give the NH-indole S16 as a yellow solid (3.42 g, 
13.8 mmol, 93%) 
IR (neat) : 3380, 2989, 1721, 1513, 1466, 1420, 1325 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.60 (br, 2H), 8.08 (d, J = 
9.2 Hz, 1H), 7.34 (d, J = 9.2 Hz, 1H), 7.29 (s, 1H), 4.21 (q, J = 7.2 Hz, 2H), 3.81 (s, 2H), 1.25 (t, J = 7.2 Hz, 3H) ; 
13C-NMR (100 MHz，CDCl3) δ: 171.7, 141.7, 139.1, 126.7, 126.4, 117.7, 116.4, 111.2, 111.0, 61.2, 31.0, 14.2 ; MS m/z : 
248.0 (M+), 175.0 (100 %) ; HRMS (EI) Calcd. C12H12O4N2 : 248.0797, Found : 248.0791 
 
Ethyl (1-tert-Butoxycarbonyl-2-iodo-5-nitro-1H-indol-3-yl)acetate (S17) : To a solution of indole S16 (2.08 g, 8.37 
mmol) and AgOTf (2.58 g, 10.0 mmol, 1.2 equiv.) in THF (30 ml) was added dropwise a solution of iodine (2.13 g, 8.37 
mmol, 1.0 equiv.) in THF (12 ml).  The reaction was quenched with saturated Na2S2O3 solution and the resulting 
mixture was extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo to give corresponding iodine, which was used in the next step without further purification. 
To a solution of crude indole in CH2Cl2 (42 ml) at rt were added Et3N (3.5 ml, 25.1 mmol, 3.0 eq.), Boc2O (2.9 ml, 
12.6 mmol, 1.5 eq.), and DMAP (102 mg, 0.837 mmol, 10 mol%).  After the reaction mixture was stirred for 30 min, 
water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, dried 
over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:8 AcOEt:hexane) to 
give alkene S17 as yellow solid (3.75 g, 7.91 mmol, 94% for 2 steps). 
mp : 141 – 142 oC (AcOEt/Hexane, plate) ; IR (neat) : 2981, 2932, 2904, 1737, 1723, 1517, 1445, 1369, 1340, 1320 
cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 8.41 (s, 1H), 8.21 (d, J = 9.6 Hz, 1H), 8.13 (d, J = 9.2 Hz, 1H), 4.20 (q, J = 7.2 Hz, 
2H), 3.84 (s, 2H), 1.74 (s, 9H), 1.29 (t, J = 7.2 Hz, 3H) ; 13C-NMR (100 MHz, CDCl3) δ: 169.5, 148.4, 143.6, 140.9, 
129.3, 123.8, 119.5, 115.8, 114.7, 86.9, 84.5, 61.4, 34.1, 28.2, 14.2 ; MS m/z : 474 (M+), 302 (100%) ; HRMS (EI) Calcd. 
C17H19O6N2 : 474.0288, Found : 474.0277 
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Ethyl (1-tert-Butoxycarbonyl-2-methyl-5-nitro-1H-indol-3yl)acetate (S18) : To a solution of indole S17 (599 mg, 1.26 
mmol) in THF (13 ml) at 0 oC were added Pd(PPh3)4 (146 mg, 0.126 mmol, 10 mol%) and Me2Zn (1.0 M in hexane, 3.8 
ml, 3.79 mmol, 3.0 eq.).  After the reaction mixture was stirred for 6 h at rt, the reaction was quenched with saturated 
NH4Cl solution.  The resultant solution was extracted with AcOEt.  The organic layer was washed with brine, dried 
over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:8 to 1:6 
AcOEt:hexane) to give indole S18 as yellow amorphous solid (458 mg, 1.26 mmol, 100%). 
IR (neat) : 2981, 2935, 1737, 1521, 1459, 1371, 1330 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.38 (d, J = 2.4 Hz, 1H), 
8.20 (d, J = 9.2 Hz, 1H), 8.12 (dd, J = 2.4, 9.2 Hz, 1H), 4.16 (q, J = 7.2 Hz, 2H), 3.71 (s, 2H), 2.60 (s, 3H), 1.70 (s, 9H), 
1.27 (t, J = 7.2 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 170.4, 149.8, 143.6, 138.9, 138.4, 129.5, 118.8, 115.5, 114.2, 
112.1, 85.2, 61.2, 30.0, 28.2, 14.3, 14.1 ; MS m/z : 362 (M+), 189 (100 %) ; HRMS (EI) Calcd. C18H22O6N2 : 362.1478, 
Found : 362.1459 
 
2-(1-tert-Butoxycarbonyl-5-nitro-2-methyl-1H-indol-3-yl)ethanol (S19) : To a solution of ester S18 (29.4 mg, 0.0811 
mmol) in THF/H2O (1.0/0.2 ml) was added LiOH･H2O (10 mg, 0.243 mmol, 3 eq.).  After the reaction was stirred for 1 
h, LiOH･H2O (24 mg, 0.563 mmol, 7 eq.) was added.  After the reaction was stirred for 2 h, the reaction was quenched 
with 10% HCl solution and the resulting mixture was extracted with AcOEt.  The organic layer was washed with brine, 
dried over Na2SO4, and concentrated in vacuo to give corresponding carboxylic acid, which was used in the next step 
without further purification. 
 To a solution of crude carboxylic acid in THF (1.0 ml) was added BH3･SMe2 (2.0 M in Et2O, 41 µl, 0.0811 mmol, 1.0 
eq.) at 0 oC.  After the reaction was stirred for 1 h at rt, water was added and the resultant solution was extracted with 
AcOEt.  The organic layer was washed with brine, dried over MgSO4, concentrated in vacuo.  The residue was purified 
by column chromatography (1:4 to 1:2 AcOEt:hexane) to give alcohol S19 as a yellow solid (14.3 mg, 0.0446 mmol, 
55%).  An analytical sample was obtained by recrystallization from AcOEt/hexane. 
mp : 88 – 89 oC (needle) : IR (neat) : 3242, 2977, 2935, 1740, 1515, 1462, 1373, 1325 cm−1 ; 1H-NMR (400 MHz，
CDCl3) δ: 8.37 (d, J = 2.0 Hz, 1H), 8.21 (d, J = 9.2 Hz, 1H), 8.12 (dd, J = 2.0, 9.2 Hz, 1H), 3.86 (t, J = 6.8 Hz, 2H), 2.99 
(t, J = 6.8 Hz, 2H), 2.60 (s, 3H), 1.70 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 149.9, 143.5, 139.1, 137.8, 129.7, 118.7, 
115.48, 115.45, 114.0, 85.1, 62.2, 28.2, 27.4, 14.2 ; MS m/z : 320 (M+), 264 (100 %) ; HRMS (EI) Calcd. C16H20O5N2 : 
320.1372, Found : 320.1359 
 
1-tert-Butoxycarbonyl-3-(2-carbamoyloxyethyl)-5-nitro-2-methyl-1H-indole (19m) : To a solution of alcohol S19 
(126 mg, 0.393 mmol) in CH2Cl2 (3.9 ml) at 0 oC was added trichloroacetyl isocyanate (56 µl, 0.472 mmol, 1.2 eq.) and 
the mixture was stirred for 5 min.  When TLC indicated consumption of the alcohol, MeOH (3.9 ml) and K2CO3 (11 mg, 
0.0787 mmol, 0.20 eq.) were added to the reaction mixture.  The mixture was allowed to warm to rt and stirred for 3 h. 
Then, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:4 to 1:2 
AcOEt:hexane) to give carbamate 19m as a yellow solid (143 mg, 0.393 mmol, 100%). 
mp : 154 – 155 oC (CHCl3/Hexane, powder) ; IR (neat) : 3450, 3393, 3192, 2980, 2936, 1735, 1520, 1462, 1371, 1332 
cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.41 (d, J = 2.4 Hz, 1H), 8.19 (d, J = 6.8 Hz, 1H), 8.11 (dd, J = 2.4, 6.8 Hz, 1H), 
4.68 (br, 2H), 4.23 (t, J = 6.8 Hz, 2H), 3.05 (t, J = 6.8 Hz, 2H), 2.59 (s, 3H), 1.70 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) 
δ: 156.5, 149.9, 143.5, 139.0, 137.7, 129.9, 118.6, 115.5, 115.2, 114.1, 85.1, 64.3, 28.2, 23.8, 14.1 ; MS m/z : 363 (M+), 














[4-(Acetylamino)phenyl]hydrazine Hexachlorostannane (S21) : To a vigorously stirred solution of aniline S20 (10.0 g, 
66.6 mmol) in conc. HCl/H2O (22/44 ml) was added a solution of NaNO2 (4.59 g, 66.6 mmol, 1.0 eq.) in H2O (33 ml) 
dropwise at 0 oC.  Then, to the resultant solution was added a solution of SnCl2 (63.1 g, 333 mmol, 5.0 eq.) in conc. HCl 
(33 ml) dropwise. After the mixture was stirred for 30 min, the precipitated solid was filtered off, and dried in a vacuum 
desiccators.  The product was used without further purification. 
 
Ethyl [5-(Acetylamino)-2-methyl-1H-indol-3-yl]acetate (S22) 93 : A mixture of salt S21 (1.76 g, 2.67 mmol) and ethyl 
levulinate (0.378 ml,, 2.67 mmol, 1.0 eq.) in AcOH (5.3 ml) was stirred at reflux for 2 h.  The reaction mixture was 
poured into water, extracted with AcOEt, the organic layer was washed with saturated NaHCO3 solution and brine, dried 
over Na2SO4, and concentrated in vacuo.  The residue was purified by column chromatography (4:1 to 8:1 
AcOEt:hexane) to give indole S22 as a yellow oil (541 g, 1.97 mmol, 74% for 2 steps). 
IR (neat) : 3349, 3276, 3105, 1715, 1650, 1588, 1561, 1481, 1370, 1329 cm−1 ; 1H-NMR (400 MHz, DMSO-d6) δ: 10.7 (s, 
1H), 9.66 (s, 1H), 7.62 (s, 1H), 7.14 (s, 2H), 4.03 (q, J = 7.2 Hz, 2H), 3.57 (s, 2H), 2.31 (s, 3H), 2.00 (s, 3H), 1.16 (t, J = 
7.2 Hz, 3H) ; 13C-NMR (100 MHz, DMSO-d6) δ: 171.5, 167.4, 133.9, 131.7, 131.1, 127.9, 113.9, 110.1, 108.3, 103.3, 
60.0, 29.8, 23.8, 14.1, 11.3 ; MS m/z : 274.1 (M+), 201.0 (100%) ; HRMS (EI) Calcd. C15H18O3N2 : 274.1317, Found : 
274.13174 
 
2-(5-Acetylamino-1-tert-butoxycarbonyl-2-methyl-1H-indol-3-yl)ethanol (S23) : To a solution of indole S22 (4.24 g, 
15.4 mmol) in CH2Cl2 (77 ml) at rt were added Et3N (4.76 ml, 34.0 mmol, 2.2 eq.), Boc2O (3.90 ml, 17.0 mmol, 1.1 eq.), 
and DMAP (189 mg, 1.54 mmol, 10 mol%).  After the reaction mixture was stirred for 30 min, water was added and the 
resultant solution was extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo to provide a Boc-protected product that was used in the next reaction without further purification.   
To a solution of crude ester in THF (77 ml) at 0 oC was added LiAlH4 (878 mg, 23.1 mmol, 1.5eq.).  After the 
reaction mixture was stirred for 10 min, the reaction was quenched with H2O.  And the resultant mixture was filtered 
through a Celite pad, and concentrated in vacuo.  The resulting mixture was extracted with AcOEt.  The organic layer 
was washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column 
chromatography (1:2 to 1:0 AcOEt:hexane) to give alcohol S23 as a yellow oil (4.61 g, 13.9 mmol, 90% for 2 steps). 
IR (neat) : 3300, 2978, 2932, 1729, 1666, 1555, 1477, 1371, 1334 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.98 (d, J = 8.8 
Hz, 1H), 7.72 (s, 1H), 7.67 (br, 1H), 7.18 (dd, J = 1.8, 8.8 Hz, 1H), 3.76 (t, J = 6.7 Hz, 2H), 2.87 (t, J = 6.7 Hz, 2H), 2.53 
(s, 3H), 2.15 (s, 3H), 1.66 (s, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 168.4, 150.4, 135.3, 132.9, 132.6, 130.2, 116.3, 115.6, 
114.6, 109.4, 83.6, 62.2, 28.3, 27.6, 24.5, 14.1 ; MS m/z : 332 (M+), 201 (100%) ; HRMS (EI) Calcd. C18H24O4N2 : 
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5-Acetylamino-1-tert-butoxycarbonyl-3-(2-carbamoyloxyethyl)-2-methyl-1H-indole (19n) : To a solution of alcohol 
S23 (1.24 g, 3.72 mmol) in CH2Cl2 (19 ml) at 0 oC was added trichloroacetyl isocyanate (0.53 ml, 4.46 mmol, 1.2 eq.) 
and the mixture was stirred for 5 min.  When TLC indicated consumption of the alcohol, MeOH (19 ml) and K2CO3 
(103 mg, 0.743 mmol, 0.20 eq.) were added to the reaction mixture.  The mixture was allowed to warm to rt and stirred 
for 10 h. Then, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed 
with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:2 to 
2:1 AcOEt:hexane) to give carbamate 19n as colorless amorphous solid (1.40 g, 3.72 mmol, 100%). 
IR (neat) : 3318, 3202, 2932, 1730, 1667, 1605, 1550, 1478, 1334 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 8.00 (d, J = 9.0 
Hz, 1H), 7.97 (d, J = 1.9 Hz, 1H), 7.42 (br, 1H), 6.97 (d, J = 9.0 Hz, 1H), 4.19 (t, J = 6.1 Hz, 2H), 2.95 (t, J = 6.1 Hz, 2H), 
2.53 (s, 3H), 2.17 (s, 3H), 1.67 (s, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 168.7, 157.2, 150.5, 134.8, 132.7, 132.3, 130.7, 
116.4, 115.4, 115.3, 111.6, 83.6, 65.0, 28.2, 24.3, 23.9, 13.8 ; MS m/z : 375 (M+), 201 (100%) ; HRMS (EI) Calcd. 
C19H25O5N3 : 375.1794, Found : 375.1794 
 
Typical procedure for the Rh(II)-catalyzed aza-spiroannulation with 5- or 6-substituted 2-methyl indolylethyl 







1-tert-Butoxycarbonyl-5-methoxy-2-methylen-spiro[3H-indol-3,6’-[1’,3’]oxazinan]-2’-one (37j) (Table 2, entry 2) : 
To a solution of carbamate 19j (70 mg, 2.01 mmol) in CH2Cl2 (2.0 ml) at rt were added MgO (19 mg, 0.462 mmol, 2.3 
eq.), PhI(OAc)2 (91 mg, 0.281 mmol, 1.4 eq.) and Rh2(OAc)4 (4.4 mg, 10 µmol, 5 mol%).  The reaction mixture was 
stirred vigorously at reflux for 9 h.  The mixture was filtered through a Celite pad.  The filtrate was concentrated in 
vacuo and the residue was purified by column chromatography (1:2 to 1:1 AcOEt:hexane) to give cyclic carbamate 37j as 
a white amorphous solid (56.2 mg, 0.162 mmol, 81%). 
IR (neat) : 3330, 3254, 2978, 2933, 1711, 1491, 1349 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.70 (d, J = 8.8 Hz, 1H), 
6.87 – 6.82 (m, 2H), 5.80 (s, 1H), 5.66 (br, 1H), 4.96 (d, J = 2.0 Hz, 1H), 4.57 – 4.50 (m, 1H), 4.40 – 4.34 (m, 1H), 3.80 
(s, 3H), 2.10 – 2.04 (m, 2H), 1.63 (s, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 156.6, 153.2, 151.1, 150.8, 133.7, 133.2, 
116.8, 115.2, 108.2, 97.3, 83.1, 62.6, 62.2, 55.8, 35.4, 28.3 ; MS m/z : 346 (M+), 290 (100%) ; HRMS (EI) Calcd. 
C18H22O5N2 : 346.1529, Found : 346.1531 
 
5-Bromo-1-tert-butoxycarbonyl-2-methylen-spiro[3H-indol-3,6’-[1’,3’]oxazinan]-2’-one (37k) (Table 2, entry 3) : 
carbamate 19k (70 mg, 0.176 mmol) → cyclic carbamate 37k (57.8 mg, 83%) 
Reaction time : 22 h 
Purification: column chromatography (1:4 to 1:1 AcOEt:hexane) 
IR (neat) : 3241, 3123, 2979, 2931, 1712, 1472, 1415, 1369, 1338, 1308 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.69 (d, J 
= 8.0 Hz, 1H), 7.44 (s, 1H), 7.44 – 7.41 (m, 1H), 6.00 (br, 1H), 5.80 (d, J = 2.0 Hz, 1H), 5.00 (d, J = 2.0 Hz, 1H), 4.55 – 
4.49 (m, 1H), 4.40 – 4.34 (m, 1H), 2.10 – 2.07 (m, 2H), 1.63 (s, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 153.1, 150.8, 
150.1, 139.4, 134.2, 132.8, 125.8, 117.5, 116.5, 97.7, 83.8, 62.2, 62.0, 35.5, 28.2 ; MS m/z : 396 (M++2), 394 (M+), 57 
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6-Bromo-1-tert-butoxycarbonyl-2-methylen-spiro[3H-indol-3,6’-[1’,3’]oxazinan]-2’-one (37l) (Table 2, entry 4) : 
carbamate 19l (34.5 mg, 0.0868 mmol) → cyclic carbamate 37l (29.4 mg, 86%) 
Reaction time : 23 h 
Purification: column chromatography (1:4 to 1:1 AcOEt:hexane) 
IR (neat) : 3257, 3127, 2978, 2930, 1712, 1476, 1353 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 8.03 (s, 1H), 7.26 (d, J = 8.0 
Hz, 1H), 7.18 (d, J = 8.0 Hz, 1H), 5.81 (s, 1H), 5.74 (br, 1H), 5.00 (s, 1H), 4.55 – 4.49 (m, 1H), 4.38 – 4.34 (m, 1H), 2.08 
– 2.04 (m, 2H), 1.64 (s, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 153.08, 153.07, 150.7, 150.2, 141.4, 131.0, 126.9, 123.8, 
119.5, 97.9, 84.1, 62.2, 62.1, 35.5, 28.2 ; MS m/z : 396 (M++2), 394 (M+), 57 (100%) ; HRMS (EI) Calcd. 
C17H19O4N279Br : 394.0528, Found : 394.05282 
 
1-tert-Butoxycarbonyl-2-methylen-5-nitro-spiro[3H-indol-3,6’-[1’,3’]oxazinan]-2’-one (37m) (Table 2, entry 5) : 
The reaction was carried out according to the procedure described above from carbamate 19m (20.8 mg, 0.0572 mmol) to 
give acetate 37m’, which was used in the next reaction without further purification. 
 A solution of crude acetate 37m’ in ClCH2CH2Cl (1.0 ml) was stirred under reflux for 2 h.  The solvent of the 
resulting mixture was evaporated in vacuo, and the residue was purified by column chromatography (1:2 to 1:1 
AcOEt:hexane) to give cyclic carbamate 37m as a white solid (15.1 mg, 0.0419 mmol, 73% for 2 steps). An analytical 
sample was obtained by recrystallization from CHCl3/hexane. 
mp : 195 – 198 oC (dec., stick) : IR (neat) : 3205, 3094, 2930, 1702, 1609, 1520, 1416, 1330, 1313 cm−1 ; 1H-NMR (400 
MHz, CDCl3) δ: 8.25 (dd, J = 2.0, 9.2 Hz, 1H), 8.22 (d, J = 2.0 Hz, 1H), 7.98 (d, J = 9.2 Hz, 1H), 5.88 (d, J = 2.0 Hz, 
1H), 5.11 (d, J = 2.0 Hz, 1H), 4.58 – 4.52 (m, 1H), 4.45 – 4.39 (m, 1H), 2.15 – 2.12 (m, 2H), 1.66 (s, 9H) ; 13C-NMR 
(100 MHz, CDCl3) δ: 150.4, 150.07, 150.05, 145.4, 144.1, 133.5, 126.5, 118.6, 116.0, 99.0, 85.1, 62.1, 61.9, 35.7, 28.2 ; 
MS m/z : 361 (M+), 57 (100%) ; HRMS (EI) Calcd. C17H19O6N3 : 361.1274, Found : 361.1274 
 
5-Acetylamino-1-tert-butoxycarbonyl-2-methylen-spiro[3H-indol-3,6’-[1’,3’]oxazinan]-2’-one (37n) (Table 2, entry 
6) : Instead of PhI(OAc)2, PhI(OPiv)2 was used in this reaction. 
carbamate (19n) (70 mg, 0.186 mmol) → cyclic carbamate 37n (38 mg, 55%) 
Reaction time : 3 h 
Purification: column chromatography (2 : 98 MeOH:CHCl3) 
IR (neat) : 3274, 2979, 2930, 1706, 1554, 1488, 1341 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 8.11 (br, 1H), 7.70 – 7.68 (m, 
1H), 7.62 – 7.60 (m, 1H), 7.41 (s, 1H), 5.96 (br, 1H), 5.82 (s, 1H), 4.97 (s, 1H), 4.54 – 4.48 (m, 1H), 4.41 – 4.36 (m, 1H), 
2.15 (s, 3H), 2.07 – 2.04 (m, 2H), 1.63 (s, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 168.7, 153.6, 151.1, 150.7, 136.2, 134.8, 
132.4, 121.6, 116.3, 114.4, 97.4, 83.5, 62.44, 62.38, 35.5, 28.3, 24.4 ; MS m/z : 373 (M+), 273 (100%) ; HRMS (EI) 




















4-(1-tert-Butoxycarbonyl-2-methyl-1H-indol-3-yl)-oxazolidin-2-one (36c) (Table 3, entry 2) : To a solution of 
carbamate 19c (100 mg, 0.314 mmol) in CH2Cl2 (3.1 ml) at rt were added MgO (31.7 mg, 0.785 mmol, 2.5 eq.), 
PhI(OAc)2 (142 mg, 0.440 mmol, 1.4 eq.) and Rh2(S-PTTL)4 (19.6 mg, 15.7 µmol, 5 mol%).  The reaction mixture was 
stirred vigorously at reflux for 21 h.  The mixture was allowed to cool to rt and filtered through a Celite pad.  The 
filtrate was concentrated in vacuo and the residue was purified by column chromatography (1:1 AcOEt:hexane) to give 
oxazolidinone 36c as a white amorphous solid (46.2 mg, 0.146 mmol, 46%) and cyclic carbamate 37c as a white 
amorphous solid (33.9 mg, 0.107 mmol, 34%). 
37c : [α]D30 + 58.4 (c 0.93, CHCl3) [89%ee, Rh2(S-TCPTTL)4] 
36c : IR (neat) : 3237, 2979, 2932, 1768, 1717, 1606 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.12 (d, J = 8.5 Hz, 1H), 7.60 
(d, J = 7.7 Hz, 1H), 7.31 – 7.29 (m, 1H), 7.22 (dd, J = 7.6, 7.6 Hz, 1H), 5.62 (br, 1H), 5.29 (dd, J = 8.6, 8.6 Hz, 1H), 4.69 
(dd, J = 8.6, 8.6 Hz, 1H), 4.48 (dd, J = 8.6, 8.6 Hz, 1H), 2.57 (s, 3H), 1.69 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 
159.3, 150.3, 136.1, 135.6, 126.5, 124.1, 123.0, 118.4, 115.7, 114.4, 84.4, 69.6, 48.8, 28.2, 13.8 ; MS m/z : 316 (M+), 260 
(100%) ; HRMS (EI) Calcd. C17H20O4N2 : 316.3518, Found : 316.1401 
 







(3R)-1,1’-Di-tert-butoxycarbonyl-2-methylene-spiro[3H-indole-3,6’-[1’,3’]oxazinan]-2’-one (116) : To a solution of 
cyclic carbamate 37c (80 mg, 0.253 mmol) in CH2Cl2 (1.3 ml) at rt were added Et3N (0.11 ml, 0.759 mmol, 3 eq.), Boc2O 
(0.083 ml, 0.380 mmol, 1.5 eq.), and DMAP (3.1 mg, 25.3 µmol, 10 mol%).  After the reaction mixture was stirred for 1 
h, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, 
dried over MgSO4, concentrated in vacuo. The residue was purified by column chromatography (1:2 AcOEt:hexane) to 
give cyclic carbamate 116 as a white amorphous solid (105 mg, 0.253 mmol, 100%). 
[α]D31 −5.6 (c 0.50, CHCl3) ; IR (neat) : 2979, 1788, 1716, 1654, 1604 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.84 (d, J = 
8.5 Hz, 1H), 7.33 – 7.27 (m, 2H), 7.10 (dd, J = 7.6, 7.6 Hz, 1H), 5.78 (d, J = 2.2 Hz, 1H), 4.88 (d, J = 2.2 Hz, 1H), 4.56 – 
4.51 (m, 1H), 4.42 – 4.36 (m, 1H), 2.25 (dd, J = 5.1, 5.5 Hz, 2H), 1.65 (s, 9H), 1.12 (s, 9H) ; 13C-NMR (100 MHz，
CDCl3) δ: 151.2, 150.0, 149.9, 140.1, 132.9, 129.3, 123.8, 121.3, 116.0, 94.3, 84.1, 83.5, 66.5, 61.5, 38.9, 28.3, 27.2 ; MS 
m/z : 416 (M+), 216 (100%) ; HRMS (EI) Calcd. C22H28O6N2 : 416.1947, Found : 416.1959 ; HPLC: column, Daicel 
Chiralpak AD-H; eluent, hexane:i-PrOH 10:1; flow rate, 0.5 ml/min; UV, 254 nm; retention time 24.9 min [(R)-116] and 
















































(1-tert-Butoxycarbonyl-2-methyl-1H-indol-3-yl)formaldehyde (117) (Scheme 46) : To a solution of carbamate 19c (70 
mg, 0.220 mmol) in CH2Cl2 (22 ml) at rt were added MgO (22.2 mg, 0.55 mmol, 2.5 eq.), PhI(OAc)2 (145 mg, 0.462 
mmol, 2.1eq.), and Rh2(S-TCPTTL)4 (27.7 mg, 0.0154 mmol, 7 mol%). The reaction mixture was stirred vigorously at 
reflux for 48 h.  The mixture was allowed to cool to rt and filtered through a Celite pad.  The filtrate was concentrated 
in vacuo, and the residue was purified by column chromatography (1:6 AcOEt:hexane) to give aldehyde 117 as a brown 
oil (12.0 mg, 0.0439 mmol, 20%) and elution of the column with AcOEt:hexane (1:1) gave cyclic carbamate 37c (36.8 
mg, 0.116 mmol, 53%). 
117 : IR (neat) : 3051, 2932, 1728 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 9.65 (t, J = 2.2 H, 1H), 8.12 (d, J = 8.3 Hz, 1H), 
7.37 (d, J = 7.8 Hz, 1H), 7.29 – 7.21 (m, 2H), 3.71 (d, J = 2.2 Hz, 2H), 2.56 (s, 3H), 1.69 (s, 9H) ; 13C-NMR (100 MHz，
CDCl3) δ: 198.4, 150.5, 135.8, 135.7, 129.5, 123.9, 122.8, 117.4, 115.6, 108.7, 84.0, 39.3, 28.3, 14.1 ; MS m/z : 273 (M+), 












Ethyl (1-tert-Butoxycarbonyl-2-methyl-1H-indol-3-yl)acetate (128): To a solution of indole 100 (1.81 g, 8.43 mmol) 
in CH2Cl2 (21 ml) at rt were added Et3N (3.54 ml, 25.3 mmol, 3.0 eq.), Boc2O (2.90 ml, 12.6 mmol, 1.5 eq.) and DMAP 
(51.5 mg, 0.422 mmol, 5 mol%).  After the reaction mixture was stirred for 30 min, water was added and the resultant 
solution was extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo.  The residue was purified by column chromatography (1:10 AcOEt:hexane) to give indole 128 as a yellow oil 
(2.67 g, 8.43 mmol, 100%). 
IR (neat) : 2979, 2933, 1733 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.09 (d, J = 7.5 Hz, 1H), 7.48 – 7.46 (m, 1H), 7.25 – 
7.19 (m, 2H), 4.12 (q, J = 7.2 Hz, 2H), 3.66 (s, 2H), 2.58 (s, 3H), 1.68 (s, 9H), 1.23 (t, J = 7.2 Hz, 3H) ; 13C-NMR (100 
MHz，CDCl3) δ: 171.1, 150.6, 135.6, 135.1, 129.6, 123.5, 122.5, 117.9, 115.4, 111.4, 83.7, 60.9, 30.3, 28.3, 14.2, 14.1 ; 
MS m/z : 317 (M+), 144 (100%) ; HRMS (EI) Calcd. C18H23O4N : 317.1627, Found : 317.1635 
 
2-(1-tert-Butoxycarbonyl-2-methyl-1H-indol-3-yl)-[1,1-2H2]ethanol (S24) : To a susprnsion of LiAlD4  (94 mg, 2.23 




































































the reaction mixture was stirred for 5 min, the reaction was quenched with H2O.  The resultant mixture was filtered 
through a Celite pad, and concentrated in vacuo.  The resulting mixture was extracted with AcOEt, washed brine, dried 
over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:2 AcOEt:hexane) to 
give alcohol S24 as yellow oil (557 mg, 2.01 mmol, 90%). 
IR (neat) : 3366, 2978, 2931, 1729 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.10 (d, J = 7.7 Hz, 1H), 7.45 (d, J = 7.3 Hz, 
1H), 7.25 – 7.19 (m, 2H), 2.93 (m, 2H), 2.56 (s, 3H), 1.68 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 150.7, 135.8, 134.5, 
129.9, 123.5, 122.5, 117.7, 115.4, 114.3, 83.6, 28.3, 27.3, 14.0 [The one peak corresponding to −CD2− could not be 
assigned.] ; MS m/z : 277 (M+), 144 (100%) ; HRMS (EI) Calcd. C16H19D2O3N : 277.1645, Found : 277.1642 
 
1-tert-Butoxy-3-(2-carbamoyloxy-[2,2-2H2]ethyl)-2-methyl-1H-indole (19o) : To a solution of alcohol S24 (557 mg, 
1.98 mmol) in CH2Cl2 (9.9 ml) at 0 oC was added trichloroacetyl isocyanate (0.284 ml, 2.38 mmol, 1.2 eq.) and the 
mixture was stirred for 5 min.  When TLC indicated consumption of the alcohol, MeOH (9.9 ml) and K2CO3 (27.4 mg, 
0.198 mmol, 0.1 eq.) were added to the reaction mixture.  The mixture was allowed to warm to rt and stirred for 8 h.  
Then, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, 
dried over MgSO4, concentrated in vacuo, and the crude products was purified by column chromatography (1:2 
AcOEt:hexane) to give carbamate 19o as a colorless needle (547 mg, 1.71 mmol, 86%). An analytical sample was 
obtained by recrystallization from MeOH. 
mp = 150 – 151 oC (MeOH, needle) ; IR (neat) : 3421, 3332, 3272, 2979, 1722, 1699, 1605 cm−1 ; 1H-NMR (400 MHz，
CDCl3) δ: 8.09 (d, J = 7.3 Hz, 1H), 7.48 (d, J = 6.3 Hz, 1H), 7.26 – 7.22 (m, 2H), 4.54 (br, 2H), 3.00 (s, 2H), 2.56 (s, 3H), 
1.68 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 156.8, 150.7, 135.7, 134.4, 129.9, 123.4, 122.5, 117.6, 115.4, 114.0, 83.6, 
28.3, 23.8, 13.9 [The one peak corresponding to −CD2− could not be assigned.] ; MS m/z : 320 (M+), 203 (100%) ;  
HRMS (EI) Calcd. C17H20D2O4N2 : 320.1703, Found : 320.1711 
 
(3R)-1-tert-Butoxycarbonyl-2-methylen-spiro[3H-indol-3,6’-[4’,4’-2H2]-[1’,3’]oxazinan-2’-one (37o) : To a solution 
of carbamate 19o (70 mg, 0.218 mmol) in CH2Cl2 (21.8 ml) at rt were added MgO (26.4 mg, 0.655 mmol, 3.0 eq.), 
PhI(OAc)2 (113 mg, 0.351 mmol, 2.1 eq.) and Rh2(S-TCPTTL)4 (27.5 mg, 0.153 µmol, 7 mol%).  The reaction mixture 
was stirred vigorously at reflux for 48 h.  The mixture was allowed to cool to rt and filtered through Celite.  The filtrate 
was concentrate in vacuo, and the residue was purified by column chromatography (1:2 AcOEt:hexane) to give cyclic 
carbamate 37o as a white amorphous solid (48.5 mg, 0.152 mmol, 70%). 
[α]D25  + 52.7 (c 0.93, CHCl3) ; IR (neat) : 3242, 3120, 2979, 1713, 1605 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.79 (d, 
J = 8.6 Hz, 1H), 7.34 – 7.30 (m, 2H), 7.12 (dd, J = 7.4, 7.4 Hz, 1H), 5.82 (d, J = 1.6 Hz, 1H), 5.26 (br, 1H), 5.00 (d, J = 
1.6 Hz, 1H), 2.08 (s, 2H), 1.64 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 153.4, 151.0, 150.6, 140.2, 132.0, 129.9, 123.9, 
122.6, 115.9, 97.2, 83.3, 62.3, 35.3, 28.2 [The one peak corresponding to −CD2− could not be assigned.] ; MS m/z : 318 











Typical procedure of Enantioselective aza-spiroannulation with 5- or 6-substituted 2-methyl indoylethyl 







5-OMe (37j) (Table 6, entry 2) To a solution of carbamate 19j (70 mg, 0.201 mmol) in CH2Cl2 (20 ml) at rt were added 
MgO (24 mg, 0.602 mmol, 3.0 eq.), PhI(OAc)2 (136 mg, 0.421 mmol, 2.1 eq.) and Rh2(S-TCPTTL)4 (25 mg, 14.1 µmol, 
7 mol%).  The reaction mixture was stirred vigorously at reflux for 24 h.  The mixture was allowed to cool to rt and 
filtered through a Celite pad.  The filtrate was concentrate in vacuo, and the residue was purified by column 
chromatography (1: 1:2 to 1:1 AcOEt:hexane) to give cyclic carbamate 37j as a white amorphous solid (34.6 mg, 0.100 
mmol, 50%). 
[α]D26 = +58.8 (c 0.69, CHCl3)  
The enantiomeric purity of 37j was determined to be 87%ee by chiral HPLC analysis using DAICEL CHIRALCEL 
OD-H.  The conditions used for the analysis were as follow; Solvent: i-PrOH-hexane (1:10 v/v).  Flow rate: 0.5 ml/min.  
UV: 254 nm.  Retention time: minor enantiomer (51.2 min) and major enantiomer (57.7 min). 
 
5-bromo (37k) (Table 6, entry 3) : carbamate 19k (70 mg, 0.176 mmol) → cyclic carbamate 37k (43.7 mg, 63%) 
Reaction time : 24 h 
[α]D26 = +62.4 (c 0.78, CHCl3)  
The enantiomeric purity of 37k was determined to be 80%ee by chiral HPLC analysis using DAICEL CHIRALCEL 
OD-H.  The conditions used for the analysis were as follow; Solvent: i-PrOH-hexane (1:10 v/v).  Flow rate: 0.5 ml/min.  
UV: 254 nm. Retention time: major enantiomer (35.5 min) and minor enantiomer (47.1 min). 
 
6-bromo (37l) (Table 6, entry 4) : carbamate 19l (50.2 mg, 0.126 mmol) → cyclic carbamate 37l (36.0 mg, 72%) 
Reaction time : 23 h 
[α]D26 = + 25.7 (c 0.72, CHCl3) 






(S25) : To a solution of cyclic carbamate 37l (9.3 mg, 0.0235 mmol) in CH2Cl2 (0.5 ml) at rt were added Et3N (3 drops 
with Pasteur pipette), Boc2O (3 drops with Pasteur pipette), and DMAP (ca. 1 mg).  After the reaction mixture was 
stirred for 30 min, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed 
with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by column chromatography (1:4 to 
1:2 AcOEt:hexane) to give cyclic carbamate S25 as a white amorphous solid (10.0 mg, 0.0202 mmol, 85%). 
[α]D25  −6.5 (c 0.55, CHCl3) ; IR (neat) : 2979, 2932, 1789, 1720, 1601, 1476, 1369, 1351 cm−1 ; 1H-NMR (400 MHz，







































(d, J = 2.4 Hz, 1H), 4.55 – 4.50 (m, 1H), 4.37 – 4.32 (m, 1H), 2.24 – 2.21 (m, 2H), 1.65 (s, 9H), 1.19 (s, 9H) ; 13C-NMR 
(100 MHz, CDCl3) δ: 150.9, 150.0, 149.7, 149.6, 141.2, 132.2, 126.7, 122.8, 122.3, 119.4, 94.8, 84.5, 84.1, 66.1, 61.4, 
38.8, 28.2, 27.3 ; MS m/z : 494 (M+), 57 (100%) ; HRMS (EI) Calcd. C22H27O6N2Br : 394.0528, Found : 494.10525 
The enantiomeric purity of S25 was determined to be 78%ee by chiral HPLC analysis using DAICEL CHIRALCEL 
AD-H.  The conditions used for the analysis were as follow; Solvent: i-PrOH-hexane (1:20 v/v).  Flow rate: 0.5 ml/min.  
UV: 254 nm.  Retention time: major enantiomer (35.1 min) and minor enantiomer (56.3 min). 
 
5-nitro (37m) (Table 6, entry 5) : The reaction was carried out according to the procedure described above from 
carbamate 19m (30.0 mg, 0.0826 mmol) to give acetate 37m’, which was used in the next reaction without further 
purification. 
 A solution of crude acetate 37m’ in ClCH2CH2Cl (1.5 ml) was stirred under reflux for 2 h.  The solvent of the 
resulting mixture was evaporated in vacuo and the residue was purified by column chromatography (1:2 to 1:1 
AcOEt:hexane) to give cyclic carbamate 37m as a white solid (14.4 mg, 0.0399 mmol, 48% for 2 steps). 
[α]D26 = +62.0 (c 0.50, CHCl3)  
The enantiomeric purity of 37m was determined to be 92%ee by chiral HPLC analysis using DAICEL CHIRALCEL 
AD-H.  The conditions used for the analysis were as follow; Solvent: i-PrOH-hexane (1:10 v/v).  Flow rate: 0.5 ml/min.  
UV: 254 nm.  Retention time: major enantiomer (45.7 min) and minor enantiomer (50.7 min). 
 
5-acetylamino (37n) (Table 6, entry 6) : Instead of PhI(OAc)2, PhI(OPiv)2 was used in this reaction. 
carbamate 19n (70 mg, 0.186 mmol) → cyclic carbamate 37n (17.3 mg, 25%) 
Reaction time : 48 h 
[α]D26 = +54.6 (c 0.13, CHCl3)  
The enantiomeric purity of 37n was determined to be 76%ee by chiral HPLC analysis using DAICEL CHIRALCEL 
OD-H.  The conditions used for the analysis were as follow; Solvent: i-PrOH-hexane (1:5 v/v).  Flow rate: 0.5 ml/min.  
UV: 254 nm.  Retention time: major enantiomer (30.6 min) and minor enantiomer (39.3 min). 
 







37c from 37k (Scheme 54) : A solution of bromide 37k (24.3 mg, 0.0615 mmol) in EtOH (1.0 ml) was hydrogenated in 
the presence of 10% Pd/C (5 mg) and NaHCO3 (10 mg, 0.123 mmol, 2.0 eq.) under atmospheric pressure of H2.  After 
the reaction mixture was stirred for 10 min, the mixture was filtered through a Celite pad.  The filtrate was concentrated 
in vacuo and the residue was purified by column chromatography (1:1 AcOEt:hexane) to give cyclic carbamate 37c as a 
white amorphous solid (16.9 mg, 0.0534 mmol, 87%). 




























37c from 37l (Scheme 54) : A solution of bromide 37l (22.0 mg, 0.0558 mmol) in EtOH (1.0 ml) was hydrogenated in 
the presence of 10% Pd/C (4.4 mg) and NaHCO3 (9.4 mg, 0.112 mmol, 2.0 eq.) under atmospheric pressure of H2.  
After the reaction mixture was stirred for 10 min, the mixture was filtered through a Celite pad.  The filtrate was 
concentrated in vacuo and the residue was purified by column chromatography (1:2 to 1:1 AcOEt:hexane) to give cyclic 
carbamate 37c as a white amorphous solid (8.5 mg, 0.0269 mmol, 48%). 































































1,1'-Di-tert-butoxycarbonyl-spiro[2,3-dihydro-1H-indol-3,6'-[4',4'-2H2]-[1',3']oxazinan]-2,2'-dione (38o) : Cyclic 
carbamate 37o (1.13 g, 3.56 mmol) was dissolved in CH2Cl2/MeOH (1:1, 178 ml).  The solution was cooled at −78 oC 
and ozone was introduced for 5 min and followed by argon gas for 20 min.  The mixture was added Me2S (2.62 ml, 35.6 
mmol, 10 eq.) and allowed to warm slowly at rt and stirred for overnight.  The solution was concentrated in vacuo.  To 
the crude mixture in CH2Cl2 (35.6 ml) were added Boc2O (1.23 ml, 5.34 mmol, 1.5 eq.) and DMAP (43.5 mg, 0.356 
mmol, 10 mol%).  After the reaction mixture was stirred for 10 min, water was added and the resultant solvent was 
extracted with AcOEt.  The organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo.  The 
residue was purified by column chromatography (1:2 AcOEt:hexane) to give amide 38o as a white amorphous solid (980 
mg, 2.33 mmol, 65% for 2 steps). 
[α]D29 +37.2 (c 1.19, CHCl3) ; IR (neat) : 2982, 1794, 1733, 1608 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.93 (d, J = 8.2 
Hz, 1H), 7.42 (ddd, J = 1.2, 7.5, 8.2 Hz, 1H), 7.33 (dd, J = 1.2, 7.5 Hz, 1H), 7.24 (ddd, J = 1.2, 7.5, 7.5 Hz, 1H), 2.34 (d, 
J = 14.8 Hz, 1H), 2.24 (d, J = 14.8 Hz, 1H), 1.66 (s, 9H), 1.15 (s, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 173.1, 149.1, 
148.8, 148.6, 138.3, 129.8, 129.1, 125.0, 121.4, 115.4, 85.1, 84.9, 63.4, 33.6, 27.9, 26.9 [The one peak corresponding to 
−CD2− could not be assigned.] ; MS m/z : 420 (M+), 220 (100%) ; HRMS (EI) Calcd. C21H24D2O7N2 : 420.1864, Found : 
420.1862 
 
(3R)-3-tert-Butoxycarbonylamino-3-(2-hydroxy[2,2-2H2]ethyl)-2,3-dihydo-1H-indol-2-one (131o) : To a solution of 
cyclic carbamate 38o (980 mg, 2.33 mmol) in MeOH (23.3 ml) was added K2CO3 (64.4 mg, 0.466 mmol, 0.20 eq.) at rt, 
and stirred for 13 h. The reaction was poured into saturated NH4Cl solution, extracted with AcOEt, washed with brine, 
dried over MgSO4, and concentrated in vacuo. The residue was purified by column chromatography (2:1 AcOEt:hexane) 
to give alcohol 131o as a white amorphous solid (554 mg, 1.88 mmol, 81%). 
1. 3 mol% 1-Me-AZADOCl
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[α]D25 +15.9 (c 0.60, CHCl3) ; IR (neat) : 3314, 2979, 1722, 1621 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 9.23 (br, 1H), 
7.28 (d, J = 7.5 Hz, 1H), 7.18 (dd, J = 7.5, 7.5 Hz, 1H), 7.01 (dd, J = 7.5, 7.5 Hz, 1H), 6.90 (br, 1H), 6.88 (d, J = 7.5 Hz, 
1H), 2.10 (d, J = 14.7 Hz, 1H), 1.98 (d, J = 14.7 Hz, 1H), 1.26 (br, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 180.1, 154.4, 
140.4, 131.6, 128.6, 122.7, 122.5, 110.5, 80.4, 62.0, 57.2, 38.6, 28.0  ; MS m/z : 294 (M+), 147 (100%) ; HRMS (EI) 
Calcd. C15H18D2O4N2 : 294.1547, Found : 294.1567 
 
Methyl (3R)-(3-tert-Butoxycarbonylamino-2-oxo-2,3-dihydro-1H-indoyl-3-yl)acetate (133) : To a solution of alcohol 
131o (147 mg, 0.50 mmol) in MeCN (1.6 ml) and CH3CO2H/CH3CO2Na buffer (1.6 ml) were added NaClO2 (80%, 170 
mg, 1.50 mmol, 3.0 eq.) and 1-Me-AZADOCl (3.0 mg, 15 µmol, 3 mol%) at rt and stirred for 2 h.  The reaction was 
quenched with 2-methyl-2-butene, and water was added and the resultant solution was extracted with AcOEt.  The 
organic layer was washed with brine, dried over MgSO4, concentrated in vacuo.  To a solution of crude mixture in 
MeOH (1.0 ml) at 0 oC was added a solution of CH2N2 in Et2O (2.0 ml).  The reaction was allowed to warm to rt and 
stirred for 1 h.  The mixture was concentrated in vacuo.  The residue was purified by column chromatography (1:2 
AcOEt:hexane) to give methyl ester 133 as white amorphous solid (160 mg, 0.50 mmol, 100% for 2 steps). 
[α]D29 +46.5 (c 1.38, CHCl3) ; IR (neat) : 3285, 2979, 1726, 1622 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.63 (br, 1H), 
7.24 – 7.19 (m, 2H), 7.00 (dd, J = 7.5, 7.5 Hz, 1H), 6.84 (d, J = 7.5 Hz, 1H), 6.45 (br, 1H), 3.71 (s, 3H), 2.93 (d, J = 15.1 
Hz, 1H), 2.62 (d, J = 15.1 Hz, 1H), 1.30 (br, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 177.3, 170.3, 153.9, 140.5, 129.9, 
129.2, 123.1, 122.6, 110.4, 80.6, 59.5, 52.2, 40.5, 28.0 ; MS m/z : 320 (M+), 264 (100%) ; HRMS (EI) Calcd. 
C16H20O5N2 : 320.1372, Found : 320.1349 
 
3-(4-Methoxyphenyl)-1’-(2,2-diethoxyethyl)-spiro[5,6-dihydroprymidin-6,3’-2’,3’-dihydro-1H-indoyl]-2,2’,4-trione 
(135) : To a solution of methyl ester 133 (35 mg, 0.109 mmol) in CH2Cl2 (1.0 ml) was added TFA (0.112 ml, 1.51 mmol, 
14 eq.) at 0 oC, the mixture warmed to rt, and was stirred for 2 h. The reaction was poured into H2O, washed with Et2O, 
and the aqueous solution basified with saturated NaHCO3 solution.  The basic solution was extracted with CHCl3 (3 × 
20 ml), washed with brine, dried over MgSO4, and concentrated in vacuo.  To a solution of crude mixture in MeCN (1.0 
ml) was added p-tolyl isocyanate (10.2 µl, 0.120 mmol, 1.1 eq.) at rt.  After the reaction was stirred for 1 h, the 
precipitation was collected, washed with MeCN, and dried under reduced pressure.  To a solution of crude mixture in 
DMA (1.4 ml) were added potassium tert-butoxide (26.7 mg, 0.218 mmol, 2.0 eq.), bromoacetaldehyde diethylacetal 
(19.7 µl, 0.131 mmol, 1.2 eq.), tetrabuthylammonium iodide (10.1 mg, 27.3 µmol, 25 mol%).  The mixture was 
maintained at 80 oC for 4 h then cooled to ambient temperature.  Saturated NH4Cl solution was added and the resultant 
solution extracted with Et2O.  The combined organic layers were washed with brine, dried over MgSO4, and 
concentrated in vacuo.  The residue was purified by column chromatography (1:1 AcOEt:hexane) to give cyclic urea 
135 as a yellowish oil (15 mg, 0.0343 mmol, 23% for 3 steps).  
[α]D24 +61.3 (c 1.28, CHCl3) ; IR (neat) : 3272, 2977, 1737, 1689, 1614 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.42 – 7.38 
(m, 2H), 7.30 – 7.23 (m, 4H), 7.18 – 7.12 (m, 2H), 5.57 (br, 1H), 4.71 (t, J = 5.3 Hz, 1H), 4.12 (dd, J = 5.3, 14.5 Hz, 1H), 
3.39 – 3.71 (m, 3H), 3.55 – 3.48 (m, 2H), 3.22 (d, J = 16.4 Hz, 1H), 2.89 (dd, J = 1.7, 16.4 Hz, 1H), 2.39 (s, 3H), 1.15 (t, 
J = 7.0 Hz, 3H), 1.15 (t, J = 7.0 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 175.3, 167.1, 154.3, 143.0, 138.6, 132.1, 130.8, 
129.9, 128.4, 126.5, 123.7, 123.3, 111.0, 100.2, 63.7, 63.6, 56.9, 43.6, 39.9, 21.3, 15.3, 15.2 ; MS m/z : 437 (M+), 103 




2-[(R)-1-(2,2-Diethoxyethyl)-2-oxo-3-(3-p-tolylureido)-2,3-dihydro-1H-indol-3-yl]-N-p-tolylacet-amide (AG-041R) : 
To a solution of cyclic urea 135 (15 mg, 0.0343 mmol) in EtOH/H2O (10:1, 1.9 ml) at 0 oC was added KOH (4.8 mg, 
0.0858 mmol, 2.5 eq.) and the mixture was allowed to warm to rt and stirred for 10 h.  The reaction was poured onto 
H2O and 10% HCl (5 ml).  And the resultant solution was extracted with CHCl3, washed with brine, dried over MgSO4, 
and concentrated in vacuo.  To a solution of crude mixture in CH2Cl2 (1.0 ml) at 0 oC were added EDC･HCl (8.5 mg, 
0.0446 mmol, 1.3 eq.) and p-toluidine (4.8 mg, 0.0446 mmol, 1.3 eq.) at 0 oC.  The mixture was stirred for 40 min at 0 
oC.  The reaction was poured onto H2O and 10% HCl (5 ml).  And the resultant solution was extracted with CHCl3, 
washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography 
(1:1 AcOEt:hexane) to give AG-041R (S2) as a white crystal (15.2 mg, 0.0279 mmol, 81% for 2 steps).   
[α]D25 +30.6 (c 0.76, CHCl3) ; IR (neat) : 3319, 2974, 2921, 1698, 1686, 1663, 1608 cm−1 ; 1H-NMR (400 MHz，CDCl3) 
δ: 8.51 (s, 1H), 7.29 – 7.21 (m, 5H), 7.17 (s, 1H), 7.07 – 6.96 (m, 6H), 6.89 (d, J = 8.2 Hz, 2H), 4.75 (dd, J = 4.6, 5.5 Hz, 
1H), 3.97 (dd, J = 5.9, 14.4 Hz, 1H), 3.78 (dd, J = 4.2, 14.4 Hz, 1H), 3.72 – 3.48 (m, 4H), 2.97 (d, J = 14.7 Hz, 1H), 2.63 
(dd, J = 14.7 Hz, 1H), 2.28 (s, 3H), 2.20 (s, 3H), 1.13 (t, J = 7.0 Hz, 3H), 1.09 (t, J = 7.0 Hz, 3H) ; 13C-NMR (100 MHz，
CDCl3) δ: 177.6, 167.3, 154.0, 142.5, 135.9, 134.7, 134.5, 132.3, 130.0, 129.4, 129.2, 128.8, 122.9, 122.8, 120.7, 119.8, 
110.2, 100.6, 63.4, 59.7, 43.9, 20.9, 20.7, 15.3 ; MS m/z : 544 (M+), 103 (100 %) ; HRMS (EI) Calcd. C31H36O5N4 : 











































(3R)-3-tert-Butoxycarbonylamino-3-(2-hydroxyethyl)-2,3-dihydo-1H-indol-2-one (131c) : The reaction was carried 
out according to the procedure in which 131o was synthesized (88% yield).   
IR (neat) : 3323, 2978, 2930, 1722, 1621 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.13 (br, 1H), 7.29 – 7.26 (m, 1H), 7.22 
(dd, J = 7.6, 7.6 Hz, 1H), 7.05 (dd, J = 7.6, 7.6 Hz, 1H), 6.86 (dd, J = 7.6, 7.6 Hz, 1H), 6.55 (br, 1H), 3.96 (br, 1H), 3.86 
(br, 1H), 2.06 – 2.00 (m, 2H), 1.26 (br, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 180.2, 154.4, 140.4, 131.7, 128.6, 122.7, 
122.4, 110.5, 80.3, 62.0, 57.7, 38.8, 28.0 ; MS m/z : 292 (M+), 147 (100%) ; HRMS (EI) Calcd. C15H20O4N2 : 292.1423, 
Found : 292.1418 
 
(3R)-3-tert-Butoxycarbonylamino-3-(2-hydroxy-[2,2-2H2]-ethyl)-1-methyl-2,3-dihyrdo-1H-indol-2-one (136o) : To a 
solution of alcohol 131o (550 mg, 1.87 mmol) in acetone (9.3 ml) at rt were added K2CO3 (387 mg, 2.81 mmol, 1.5 eq.) 
and Me2SO4 (0.266 ml, 2.81 mmol, 1.5 eq.). The reaction mixture was stirred at reflux for 2 h. The mixture was allowed 
to cool to rt and poured into saturated NH4Cl solution, extracted with AcOEt, washed with brine, dried over MgSO4, and 
concentrated in vacuo. The residue was purified by column chromatography (2:1 AcOEt:hexane) to give alcohol 136o as 
a white amorphous solid (525 mg, 1.70 mmol, 91%). 
[α]D24 +28.4 (c 0.81, CHCl3) ; IR (neat) : 3354, 2978, 2933, 1712, 1614 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.32 
− 7.28 (m, 2H), 7.07 (dd, J = 7.6, 7.6 Hz, 1H), 6.83 (d, J = 7.8 Hz, 1H), 6.32 (br, 1H), 3.24 (s, 3H), 1.98 (s, 2H), 1.23 (br, 
9H) ; 13C-NMR (100 MHz，CDCl3) δ: 177.6, 154.1, 142.6, 131.2, 128.4, 122.5, 122.5, 108.0, 79.9, 61.5, 38.5, 27.8, 26.3 
[The one peak corresponding to −CD2− could not be assigned.] ; MS m/z : 308 (M+), 161 (100 %) ; HRMS (EI) Calcd. 
C16H20D2O4N2 : 308.1703, Found : 308.1686 
 
(3R)-3-tert-Butoxycarbonylamino-3-(2-hydroxyethyl)-1-methyl-2,3-dihyrdo-1H-indol-2-one (136c) : The reaction 
was carried out according to the procedure described above (87% yield). 
[α]D24 +29.5 (c 0.77, CHCl3) ; IR (neat) : 3351, 2977, 2927, 1711, 1614 cm-1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.31 – 7.25 
(m, 2H), 7.07 (dd, J = 7.6, 7.6 Hz, 1H), 6.83 (d, J = 7.6 Hz, 1H), 6.29 (br, 1H), 4.11 – 3.91 (dt, J = 5.5, 11.5 Hz, 1H), 3.88 
– 3.81 (dt, J = 5.5, 11.5 Hz, 1H), 3.24 (s, 3H), 1.99 (t, J = 5.6 Hz, 2H), 1.24 (br, 9H) ; 13C-NMR (100 MHz，CDCl3) δ: 
177.7, 154.1, 142.7, 131.3 (br), 128.6, 122.7, 122.6, 108.1 (br), 80.0, 61.6 (br), 57.9, 38.8, 28.0 (br), 26.4 ; MS m/z : 306 
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(3R)-(3-Amino-1-methyl-2-oxo-2,3-dihydro-1H-indol-3-yl)acetic Acid (51) : To a solution of alcohol 136o (173 mg, 
0.565 mmol) in MeCN (2.8 ml) and sodium phosphate buffer (pH 6.8, 1.0 M, 2.8 ml) were added NaClO2 (80%, 192 mg, 
1.70 mmol, 3.0 eq.) and 1-Me-AZADOCl (132) (5.7 mg, 28.3 µmol, 5 mol%) at rt, and stirred for 1 h. The reaction was 
quenched with 2-methyl-2-butene and the aqueous solution basified to pH 9 with 5% NaOH. The basic solution was 
washed with ether and then acidified to pH 5 with 10% HCl. The acidic solution was extracted with CHCl3, washed with 
brine, dried over MgSO4, and concentrated in vacuo. To a solution of crude mixture in CH2Cl2 (2.8 ml) at 0 oC was added 
TFA (0.419 ml, 5.65 mmol, 10 eq.) and allowed to warm at rt. After the reaction was stirred for 3 h, benzene was added 
and concentrated in vacuo. This manipulation was repeated three times. The residue was neutralized with saturated 
NaHCO3 and purified by ion-exchange resin (DOWEX, 50WX8, 200-400) to give β-amino acid 51 as a white powder 
(97 mg, 0.440 mmol, 78% for 2 steps).  
mp : 123 − 126 oC (MeCN) ; [α]D25 +76.0 (c 0.38, CHCl3) ; IR (neat) : 2935, 1714, 1612cm−1 ; 1H-NMR (500 MHz，D2O) 
δ: 7.40 (d, J = 7.6 Hz, 1H), 7.37 (dd, J = 7.6, 7.8 Hz, 1H), 7.10 (dd, J = 7.6, 7.6 Hz, 1H), 7.00 (d, J = 7.8 Hz, 1H), 3.14 (s, 
3H), 2.84 (d, J = 15.6 Hz, 1H), 2.76 (d, J = 15.6 Hz, 1H) ; 13C-NMR (125 MHz，D2O) δ: 177.9, 176.3, 144.1, 131.1, 
128.4, 124.4, 124.2, 110.5, 59.3, 43.4, 27.1 ; MS m/z : 221 (M+1)+, 221 (100 %) ; HRMS (FAB) Calcd. C11H12O3N2 : 
221.0926, Found : 221.0926 
 
(3R)-1-Methyl-spiro[2,3-dihydro-1H-3,4’-azelidin]-2,2’-dione (53) : To a solution of β-amino acid 51 (30 mg, 0.136 
mmol) in MeCN (13.6 ml) at rt were added Et3N (0.057 ml, 0.408 mmol, 3.0 eq.), and 52 (91.8 mg, 0.204 mmol, 1.5 eq.). 
The reaction mixture was stirred at reflux for 6 h. The mixture was allowed to cool to rt and concentrated in vacuo. The 
residue was purified by column chromatography (1:1 AcOEt:hexane) to give β-lactam 53 as a white powder (13 mg, 
0.0643 mmol, 47%). 
mp : 236 – 238 oC (CHCl3/Hexane) ; [α]D25 +46.0 (c 0.47, CHCl3) ; IR (neat) : 3276, 1774, 1686, 1616 cm−1 ; 1H-NMR 
(400 MHz，CDCl3) δ: 7.46 (dd, J = 0.7, 7.5 Hz, 1H), 7.39 (dt, J = 1.2, 7.8 Hz, 1H), 7.15 (dt, J = 0.7, 7.5 Hz, 1H), 6.88 (d, 
J = 7.8 Hz, 1H), 6.09 (br, 1H), 3.49 (dd, J = 2.2, 14.5 Hz, 1H), 3.25 (s, 3H), 3.24 (dd, J = 1.2, 14.5 Hz, 1H) ; 13C-NMR 
(125 MHz，CDCl3) δ: 175.1, 166.4, 143.5, 130.4, 126.7, 123.4, 123.3, 108.7, 55.9, 50.9, 26.6 ; MS m/z : 202 (M+), 202 



































Ethyl 2-(1H-Imidazol-4-yl)-2-methylpropiolate (140) : To a stirred solution of S26 (30.5 g, 192 mmol) in CH2Cl2 (35 
ml) and AcOH (35 ml) was added Br2 (8.89 ml, 173 mmol, 0.9 eq.) in CH2Cl2 (25 ml) dropwise over 1 h.  After the 
mixture was stirred for 2 h at 50 oC, water and CH2Cl2 were added and the resultant solution was washed with water and 
brine, dried over MgSO4, and concentrated in vacuo to give crude bromide, which was used in the next step without 
further purification. 
 Formamide (80 ml) was added and the solution was heated at 180 oC for 4 h.  Excess formamide was removed by 
vacuum distillation (140 oC).  After cooling to rt, the solid was dissolved in a minimum amount of water and the 
solution was made basic by addition of solid K2CO3.  The solution was refrigerated for 12 h, allowing crystallization of 
the product.  The crystalline product was filtered and washed with Et2O to white solid.  The white solid was dissolved 
with AcOEt and water was added.  The mixture was extracted with AcOEt and washed with brine, dried over Na2SO4, 
and concentrated in vacuo to give imidazole 140 (17.3 g, 94.7 mmol, 49%) as a white solid. 
mp : 94 – 95 oC ; IR (neat) : 2981, 2867, 2626, 1715, 1558, 1465, 1387 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.58 (s, 
1H), 6.91 (s, 1H), 4.11 (q, J = 6.8 Hz, 2H), 1.59 (s, 6H), 1.20 (t, J = 6.8 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 176.2, 
141.7, 134.9, 115.4, 60.9, 42.4, 25.6, 14.0 ; MS m/z : 182 (M+), 109 (100 %) ; HRMS (EI) Calcd. C9H14O2N2 : 182.1055, 
Found : 182.10553 
 
Ethyl 2-(1-Benzyl-1H-imidazol-4-yl)-2-methylpropiolate (141) : To a stirred solution of imidazole 140 (14.6 g, 80.1 
mmol) in DMF (200 ml) at rt was added K2CO3 (55.3 g, 400 mmol, 5.0 eq.).  The heterogeneous mixture was stirred 
vigorously for 30 min, at which time BnCl (13.8 ml, 120 mmol, 1.5 eq.) was added in one portion, and the mixture was 
heated at 55 oC for 12 h.  The reaction was filtered though a fritted funnel and the filtrates were washed with EtOAc. 
The solution was reduced in vacuo and the residue was purified by column chromatography (1:2 to 2:1 AcOEt:hexane) to 
give Bn-imidazole 141 as white solid (20.6 g, 75.6 mmol, 94%). 
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(m, 3H), 7.15 (d, J = 6.0 Hz, 2H), 6.75 (s, 1H), 5.05 (s, 2H), 4.12 (q, J = 7.2 Hz, 2H), 1.55 (s, 6H), 1.20 (t, J = 7.2 Hz, 
3H) ; 13C-NMR (100 MHz，CDCl3) δ: 176.2, 146.9, 136.5, 136.1, 128.9, 128.1, 127.2, 114.9, 60.6, 50.7, 43.1, 25.5, 14.0 ; 
MS m/z : 272 (M+), 199 (100 %) ; HRMS (EI) Calcd. C16H20O2N2 : 272.1525, Found : 272.1521 
 
Ethyl 2-(1-Benzyl-5-bromo-1H-imidazol-4-yl)-2-methylpropiolate (142) : To a stirred solution of Bn-imidazole 141 
(676 mg, 2.48 mmol) in MeCN (12 ml) at 0 oC was added NBS (442 mg, 2.48 mmol, 1.0 eq.) in five equal portions over 
1 h.  The solution was then allowed to warm to rt and stirred for an additional 30 min.  After removal of the solvent in 
vacuo, the mixture was dissolved in CHCl3 and washed with water.  The organic layer was dried with MgSO4 and 
concentrated in vacuo.  The residue was purified by column chromatography (1:2 AcOEt:hexane) to give bromide 142 
as white solid (588 mg, 1.67 mmol, 67%). 
IR (neat) : 2982, 2933, 1714, 1469, 1453, 1442, 1361 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.53 (s, 1H), 7.36 – 7.33 (m, 
3H), 7.11 (d, J = 7.2 Hz, 2H), 5.10 (s, 2H), 4.15 (q, J = 7.2 Hz, 2H), 1.62 (s, 6H), 1.20 (t, J = 7.2 Hz, 3H) ; 13C-NMR 
(100 MHz，CDCl3) δ: 175.9, 142.9, 136.0, 135.4, 128.9, 128.1, 127.0, 99.6, 60.8, 49.6, 43.4, 25.2, 14.1 ; MS m/z : 353 
(M++2), 350 (M+), 277 (100 %) ; HRMS (EI) Calcd. C16H19O2N279Br : 350.0630, Found : 350.0617 
 
Ethyl 2-(1-Benzyl-5-vinyl-1H-imidazol-4-yl)-2-methylpropiolate (143) : To a stirred solution of bromide 142 (8.00 g, 
22.8 mmol) in DMF (57 ml) were added LiCl (2.90 g, 68.3 mmol, 3.0 eq.), vinyl(tributyl)tin (8.70 ml, 29.6 mmol, 1.3 
eq.), and Pd(PPh3)4 (658 mg, 0.569 mmol, 2.5 mol%).  The mixture was heated to 100 oC for 15 h, at which time the 
solvent was removed in vacuo.  The residue was purified by column chromatography (1:2 AcOEt:hexane) to give 
vinyl-imidazole 143 as a colorless oil (6.80 g, 22.8 mmol, 100%). 
IR (neat) : 2980, 2935, 1725, 1666, 1632, 1497, 1454, 1382, 1362 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.40 (s, 1H), 
7.33 – 7.28 (m, 3H), 7.02 (d, J = 6.8 Hz, 2H), 6.42 (dd, J = 11.6, 18.1 Hz, 1H), 5.23 (dd, J = 1.0, 11.6 Hz, 1H), 5.15 (dd, 
J = 1.0, 18.1 Hz, 1H), 5.14 (s, 2H), 4.10 (q, J = 7.2 Hz, 2H), 1.61 (s, 6H), 1.17 (t, J = 7.2 Hz, 3H) ; 13C-NMR (100 MHz，
CDCl3) δ: 176.0, 143.5, 136.4, 128.9, 127.8, 126.3, 125.1, 124.2, 118.0, 60.7, 49.0, 43.6, 26.2, 14.0 ; MS m/z : 298 (M+), 
225 (100 %) ; HRMS Calcd. C18H22O2N2 : 298.17, Found : 298.1696 
 
Ethyl 2-(1-Benzyl-5-formyl-1H-imidazol-4-yl)-2-methylpropiolate (144) : To a solution of imidazole 143 (1.0 g, 3.35 
mmol) in dioxane (24 ml) and H2O (8.0 ml) at rt were added 2,6-lutidine (0.78 ml, 6.70 mmol, 2.0 eq.), OsO4 (0.1965 M 
in THF, 0.512 ml, 0.101 mmol, 3.0 mol%), and NaIO4 (2.87 g, 13.4 mmol, 4.0 eq.).  After the reaction mixture was 
stirred for 2 h, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed 
with 2% HCl solution and brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column 
chromatography (1:1 AcOEt:hexane) to give aldehyde 144 as a yellow oil (965 mg, 3.21 mmol, 96%). 
IR (neat) : 2982, 2937, 1730, 1666, 1519, 1499, 1455, 1353, 1323 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 9.85 (s, 1H), 
7.53 (s, 1H), 7.37 – 7.30 (m, 3H), 7.17 – 7.15 (m, 2H), 5.49 (s, 2H), 4.15 (q, J = 7.3 Hz, 2H), 1.68 (s, 6H), 1.18 (t, J = 7.3 
Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 179.3, 175.9, 158.1, 140.7, 135.6, 128.9, 128.2, 127.3, 125.7, 61.3, 50.8, 44.6, 
27.0, 13.9 ; MS m/z : 300 (M+), 271 (100 %) ; HRMS (EI) Calcd. C17H20O3N2 : 300.1474, Found : 300.1485 
 
1-Benzyl-4-(1,1-dimethyl-prop-2-ynyl)-5-[1,3]dioxolan-2-yl-1H-imidazole (149) : To a mixture of aldehyde 144 (349 
mg, 1.16 mmol) and ethylene glycol (0.32 ml, 5.81 mmol, 5.0 eq.) in benzene (10 ml) was added p-TsOH•H2O (44 mg, 
0.232 mmol, 0.20 eq.) and the mixture was heated to reflux at 36 h with azetropic removal of water.  After being cooled 
to rt, the reaction mixture was quenched with saturated NaHCO3 solution and the resultant solution was extracted with 
AcOEt.  The organic layer was washed with brine, dried over MgSO4, concentrated in vacuo to give corresponding 
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crude acetal, which was used in the next step without further purification.  
 To a solution of crude product in THF (12 ml) at 0 oC was added LiAlH4 (53 mg, 1.39 mmol, 1.2 eq.).  After the 
reaction mixture was stirred for 20 min, the reaction was quenched with H2O.  And the resultant solution was filtered 
through a Celite pad, and concentrated in vacuo.  The resulting mixture was extracted with AcOEt.  The organic layer 
was washed with brine, dried over MgSO4, and concentrated in vacuo to afford corresponding crude alcohol, which was 
used in the next step without further purification.  
To a stirring mixture of crude alcohol and 1-Me-AZADO (5.8 mg, 3.5 µmol, 3 mol%) in CH2Cl2 (3.9 ml) and 
saturated NaHCO3 solution (2.0 ml) containing KBr (14 mg, 0.12 mmol, 10 mol%) and Bu4NBr (19 mg, 0.058 
mmol, 5 mol%) was added dropwise a premixed solution of aqueous NaOCl (2.45 M in H2O, 0.95 ml) and saturated 
NaHCO3 solution (2.0 ml) at 0 οC over 5 min.  The mixture was vigorously stirred for 5 min at 0 οC, then the 
reaction was quenched with aqueous Na2SO3.  The aqueous layer was separated and extracted with CH2Cl2.  The 
combined organic layers were washed with brine, dried over MgSO4, and concentrated in vacuo to give 
corresponding crude aldehyde, which was used in the next step without further purification. 
 To a solution of crude aldehyde in MeOH (3.0 ml) at rt were added dimethyl-1-diazo-2-oxopropylphosphonate (223 
mg, 1.16 mmol, 1.0 eq.) in MeOH (3.0 ml) and K2CO3 (240 mg, 1.74 mmol, 1.5 eq.).  After the reaction mixture was 
stirred for 10 min, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed 
with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:2 
AcOEt:hexane) to give alkyne 149 as a colorless oil (249 mg, 0.84 mmol, 72% for 4 steps). 
IR (neat) : 3286, 2979, 2932, 2893, 2108, 1719, 1568, 1501, 1455, 1395 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.35 – 
7.27 (m, 4H), 7.20 – 7.18 (m, 2H), 6.67 (s, 1H), 5.21 (s, 2H), 4.03 − 3.93 (m, 4H), 2.29 (s, 1H), 1.66 (s, 6H) ; 13C-NMR 
(100 MHz，CDCl3) δ: 147.1, 137.2, 136.4, 128.6, 127.8, 127.5, 120.2, 97.3, 91.0, 68.8, 64.7, 49.9, 31.2, 31.1 ; MS m/z : 







4-(1,1-Dimethylprop-2-ynyl)-5-[1,3]dioxolan-2-yl-1H-imidazole (146) : A solution of Bn-imidazole 145 (1.01 g, 2.94 
mmol) in THF (15 ml) was hydrogenated in the presence of 10% Pd/C (203 mg) under atmospheric pressure of H2.  
After the reaction mixture was stirred for 15 h, the mixture was filtered through a Celite pad.  The filtrate was 
concentrated in vacuo to provide an NH-imidazole product that was used in the next reaction without further purification.   
To a solution of crude product in THF (15 ml) at 0 oC was added LiAlH4 (156 mg, 4.12 mmol, 1.4 eq.).  After the 
reaction mixture was stirred for 30 min, the reaction was quenched with H2O. And the resultant mixture was filtered 
through a Celite pad, and concentrated in vacuo.  The resulting mixture was extracted with CHCl3.  The organic layer 
was washed with brine, dried over Na2SO4, and concentrated in vacuo to provide the mixture of alcohol and aldehyde 
that was used in the next reaction without further purification. 
To a solution of crude alcohol and aldehyde in DMSO (10 ml) was added IBX (659 mg, 2.35 mmol, 0.80 eq.) at rt.  
After the reaction mixture was stirred for 1.5 h, the reaction was quenched with saturated NaHCO3 solution.  The 
mixture was extracted with CHCl3, washed with brine, dried over Na2SO4, and concentrated in vacuo to provide an 
aldehydethat was used in the next reaction without further purification. 





























2.35 mmol, 0.80 eq.) in MeOH (3.0 ml) and K2CO3 (488 mg, 3.53 mmol, 1.2 eq.).  After the reaction mixture was stirred 
for 30 min, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with 
brine, dried over Na2SO4, and concentrated in vacuo.  The residue was purified by column chromatography (5:95 
MeOH:CHCl3) to give alkyne 146 as a yellow oil (197 mg, 0.955 mmol, 33% for 4 steps). 
IR (neat) : 3282, 2979, 2889, 2109, 1459, 1389 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.50 (s, 1H), 6.37 (s, 1H), 4.14 (s, 
2H), 4.01 (s, 2H), 2.33 (s, 1H), 1.67 (s, 6H) ; 13C-NMR (100 MHz，CDCl3) δ: 141.3, 132.8, 124.0, 97.4, 90.1, 69.4, 65.2, 















3-tert-Butoxycarbonylamino-3-(2-tert-butyldimethylsiloxyethyl)-2,3-dihydro-1H-indol-2-one (138) : To a solution of 
alcohol 131c (503 mg, 1.72 mmol) in CH2Cl2 (8.6 ml) were added 2,6-lutidine (0.60 ml, 5.16 mmol, 3.0 eq.) and 
TBSOTf (0.59 ml, 2.58 mmol, 1.5 eq.) at −40 oC.  After the reaction mixture was stirred for 8 h, the reaction was 
quenched with a saturated NaHCO3 solution.  The mixture was extracted with AcOEt, washed with 10% HCl and brine, 
dried over MgSO4, and concentrated in vacuo. The residue was purified by column chromatography (1:2 AcOEt:hexane) 
to give TBS ether 138 as a white amorphous (640 mg, 1.57 mmol, 91%). 
IR (neat) : 3374, 3292, 2954, 2929, 2857, 1724, 1622, 1472 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 8.21 (br, 1H), 7.25 (d, 
J = 7.5 Hz, 1H), 7.20 (d, J = 7.5 Hz, 1H), 7.12 (br, 1H), 7.03 (dd, J = 7.5, 7.5 Hz, 1H), 6.85 (d, J = 7.5 Hz, 1H), 4.03 – 
3.98 (m, 1H), 3.91 – 3.85 (m, 1H), 2.11 (ddd, J = 3.1, 8.9, 14.7 Hz, 1H), 1.75 – 1.69 (m, 1H), 1.32 (br, 9H), 0.98 (s, 9H), 
0.16 (s, 3H), 0.14 (s, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 179.0, 154.0, 140.4, 128.5, 122.9, 122.2, 112.7, 110.4, 79.6, 
61.8, 59.0, 38.3, 28.2, 25.8, 18.0, −5.7 ; MS m/z : 349 (M+ − 57), 293 (100%) ; HRMS (EI) Calcd. C17H25O4N2Si : 
349.1584, Found : 349.1566 
 
Coupling product 150 : To a mixture of lactam 138 (190 mg, 0.467 mmol) and 2,6-lutidine (0.16 ml, 1.40 mmol, 3.0 
eq.) in CH2Cl2 (4.7 ml) was added Tf2O (0.12 ml, 0.70 mmol, 1.5 eq.) at −78 oC.  After the reaction mixture was stirred 
for 1 h, 2-propanol (0.36 ml, 4.7 mmol, 10 eq.) was added and stirred for 30 min.  The reaction was quenched with a 
saturated NaHCO3 solution.  The mixture was extracted with AcOEt, washed with brine, dried over MgSO4, and 
concentrated in vacuo. The residue was purified by column chromatography (Merck Silica gel 60 F254, 1:2 
AcOEt:hexane) to give triflate 139 as colorless oil, which was not fully characterized because of instability of triflate 139. 
(caution : After the column chromatography, the solvent must not completely be removed.  If the solvent was 













































 To a solution of colorless oil of 139 in degassed THF (4.7 ml) were added Et3N (0.65 ml, 4.7 mmol, 10 eq.), alkyne 149 
(125 mg, 0.420 mmol, 1.0 eq.), CuI (27 mg, 0.14 mmol, 30 mol%), and Pd(PPh3)4 (54 mg, 47 µmol, 10 mol%) at rt.  
After the reaction mixture was stirred for 2 h, water was added and the resultant mixture was extracted with AcOEt.  
The organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by 
column chromatography (1:1 AcOEt:hexane) to give coupling product 150 as a white amorphous solid (288 mg, 0.421 
mmol, 90%). 
IR (neat) : 3378, 2953, 2929, 2886, 2220, 1716, 1500, 1455 cm−1 ; 1H-NMR (500 MHz，CDCl3) δ: 7.53 (d, J = 6.2 Hz, 
1H), 7.35 – 7.21 (m, 10H), 6.69 (s, 1H), 5.23 (s, 2H), 4.01 – 3.96 (m, 4H), 3.78 (br, 2H), 2.27 (m, 1H), 1.77 (s, 6H), 1.46 
(d, J = 11.4 Hz, 1H), 1.26 (br, 9H), 0.95 (s, 9H), 0.10 (s, 3H), 0.06 (s, 3H) ; 13C-NMR (125 MHz，CDCl3) δ: 168.9, 153.7, 
146.3, 139.5, 137.3, 136.4, 128.8, 128.7, 127.9, 127.7, 126.4, 121.9, 121.7, 120.9, 107.8, 97.3, 79.9, 75.6, 71.9, 64.9, 64.8, 
59.7, 50.0, 37.8, 32.5, 30.8, 28.0, 26.0, 25.9, 18.0, −5.58, −5.60 ; MS m/z : 685 (M+), 91 (100%) ; HRMS (FAB) Calcd. 

































第 2章第 4節 cis-オレフィンの構築に関する検討 (Stilleカップリング) 
 













Ester S26 : Ester S26 was prepared by the acetalization of aldehyde 146 (See scheme 61). 
IR (neat) : 2979, 2932, 1723, 1383, 1337 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.36 – 7.26 (m, 4H), 7.15 (d, J = 6.8 Hz, 
2H), 5.84 (s, 1H), 5.20 (s, 2H), 4.13 (q, J = 7.1 Hz, 2H), 4.00 − 3.88 (m, 4H), 1.61 (s, 6H), 1.21 (t, J = 7.1 Hz, 3H) ; 
13C-NMR (100 MHz, CDCl3) δ: 177.1, 146.2, 137.2, 136.5, 128.7, 127.9, 127.3, 120.7, 97.4, 64.7, 60.8, 49.8, 43.5, 26.9, 
14.0 ; MS m/z : 344 (M+), 271 (100%) ; HRMS (EI) Calcd. C19H24O4N2 : 344.1736, Found : 344.1727. 
 
2-(1-Benzyl-5-[1,3]dioxolan-2-yl-1H-imidazol-4-yl)-2-methylpropionaldehyde (148) : To a solution of ester S26 (2.06 
g, 5.98 mmol) in THF (30 ml) at 0 oC was added LiAlH4 (272 mg, 7.18 mmol, 1.2 eq.).  After the reaction mixture was 
stirred for 20 min, the reaction was quenched with H2O. And the resultant mixture was filtered through a Celite pad, and 
concentrated in vacuo.  The resulting mixture was extracted with AcOEt.  The organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo to afford corresponding crude alcohol, which was used in the next step 
without further purification. 
To a stirring mixture of alcohol and 1-Me-AZADO (30 mg, 0.179 mmol, 3 mol%) in CH2Cl2 (20 ml) and aqueous 
saturated NaHCO3 (10 ml) containing KBr (71 mg, 0.598 mmol, 10 mol%) and Bu4NBr (96 mg, 0.299 mmol, 5 
mol%) was added dropwise a premixed solution of aqueous NaOCl (2.45 M in H2O, 4.89 ml, 2.0 eq.) and aqueous 
saturated NaHCO3 (10 ml) at 0 οC over 5 min.  The mixture was vigorously stirred for 5 min at 0 οC, then the 
reaction mixture was quenched with aqueous Na2SO3.  The aqueous layer was separated and extracted with CH2Cl2.  
The combined organic layers were washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue 
was purified by column chromatography (1:2 to 1:1 AcOEt:hexane) to give coupling aldehyde 148 as a colorless oil (1.60 
g, 5.32 mmol, 89% for 2 steps). 
IR (neat) : 2973, 2929, 2894, 1722, 1561, 1499, 1455, 1393, 1362 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 9.58 (s, 1H), 
7.37 – 7.31 (m, 4H), 7.18 – 7.16 (m, 2H), 5.72 (s, 1H), 5.20 (s, 2H), 4.01 − 3.88 (m, 4H), 1.48 (s, 6H) ; 13C-NMR (100 
MHz, CDCl3) δ: 202.1, 143.1, 138.3, 136.1, 128.8, 128.0, 127.3, 122.2, 97.1, 64.7, 49.9, 47.9, 22.7 ; MS m/z : 300 (M+), 
271 (100%) ; HRMS (EI) Calcd. C17H20O3N2 : 300.1474, Found : 300.1507 
 
(Z)-1-Benzyl-5-[1,3]dioxolan-2-yl-4-(3-iodo-1,1-dimethylpropenyl)-1H-imidazole (149) : To a solution of Ph3P+CH2I 
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After the reaction mixture was stirred for 10 min, the reaction mixture was cooled to −78 oC.  Then, DMPU (4.83 ml, 
40.0 mmol, 7.5 eq.) was added.  After the reaction mixture was stirred for 10 min, aldehyde 148 (1.60 g, 5.33 mmol) in 
THF (13 ml) was added to the mixture and warm to 0 oC.  After the mixture was stirred for 30 min, saturated NH4Cl 
solution was added and the resultant mixture was extracted with AcOEt.  The organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:2 to 1:1 
AcOEt:hexane) to alkenyl iodide 149 as a yellow oil (2.01 g, 0.473 mmol, 89%). 
IR (neat) : 2970, 2889, 1599, 1565, 1499, 1455, 1390, 1361cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.34 – 7.21 (m, 6H), 
6.80 (d, J = 8.0 Hz, 1H), 6.31 (d, J = 8.0 Hz, 1H), 5.95 (s, 1H), 5.21 (s, 2H), 3.98 – 3.87 (m, 4H), 1.56 (s, 6H) ; 13C-NMR 
(100 MHz, CDCl3) δ: 148.1, 147.9, 137.2, 136.8, 128.5, 127.6, 127.2, 120.4, 97.7, 78.9, 64.7, 49.8, 39.1, 29.7 ; MS m/z : 
424 (M+), 297 (100%) ; HRMS (EI) Calcd. C18H21O2N2I : 424.0648, Found : 424.0639 
 
1-Benzyl-4-(1,1-dimethylpropenyl)-5-[1,3]dioxolan-2-yl-1H-imidazole (156) (Table 9, entry 4) : A solution of alkenyl 
iodide 149 (42.9 mg, 0.101 mmol) in NMP (1.0 ml) was frozen with liquid nitrogen and degassed once under high 
vacuum using the freeze/pump/thaw method with an atmosphere of argon.  Pd2(dba)3•CHCl3 (10 mg, 10 µmol, 10 
mmol%) was added and the resulting mixture was thoroughly degassed three times in the same way.  Me3SnSnMe3 (46 
µl, 0.222 mmol, 2.2 eq.) was added and the reaction mixture was stirred for 40 min.  Et2O and water were added and the 
resultant mixture was extracted with Et2O.  The organic layer was washed with brine, dried over Na2SO4, and 
concentrated in vacuo.  The residue was purified by column chromatography (1:2 AcOEt:hexane) to alkene 156 as a 
yellow oil (16.9 mg, 0.0366 mmol, 56%). 
IR (neat) : 3434, 2979, 1378, 1369 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.36 – 7.16 (m, 6H), 6.16 (dd, J = 17.4, 10.4 Hz, 
1H), 6.14 (s, 1H), 5.19 (s, 2H), 5.08 (d, J = 17.4 Hz, 1H), 5.02 (d, J = 10.4 Hz, 1H), 3.99 − 3.88 (m, 4H), 1.45 (s, 6H) ; 
13C-NMR (100 MHz, CDCl3) δ: 149.5, 147.7, 137.5, 136.8, 128.7, 127.8, 127.4, 120.2, 110.5, 97.9, 64.7, 49.9, 38.8, 
28.7 ; MS m/z : 298 (M+), 283 (100%) ; HRMS (EI) Calcd. C18H22O2N2 : 298.1651, Found : 298.1692 
 
(Z)-1-Benzyl-4-(1,1-dimethyl-3-trimethylstannanylpropenyl)-5-[1,3]dioxolan-2-yl-1H-imidazole (155) (Table 9, 
entry 5) : A solution of alkenyl iodide 149 (140 mg, 0.330 mmol) in NMP (3.3 ml) was frozen with liquid nitrogen and 
degassed once under high vacuum using the freeze/pump/thaw method with an atmosphere of argon.  PdCl2(MeCN)2 
(8.6 mg, 33 µmol, 10 mmol%) was added and the resulting mixture was thoroughly degassed three times in the same way.  
iPr2NEt (29 µl, 0.165 mmol, 50 mol%) and Me3SnSnMe3 (151 µl, 0.727 mmol, 2.2 eq.) was added and the reaction 
mixture was stirred for 1 h.  Et2O and saturated NaHCO3 solution were added and the resultant mixture was extracted 
with Et2O.  The organic layer was washed with brine, dried over Na2SO4, and concentrated in vacuo.  The residue was 
purified by column chromatography (1:2 AcOEt:hexane containing Et3N 2%) to alkenyl stannane 155 as a yellow oil 
(102 mg, 0.221 mmol, 67%). 
IR (neat) : 2967, 2890, 1589, 1561, 1499, 1455, 1391, 1358 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.36 – 7.26 (m, 3H), 
7.21 (s, 1H), 7.21 – 7.19 (m, 2H), 6.92 (d, J = 13.9 Hz, 1H), 6.15 (s, 1H), 5.81 (d, J = 13.9 Hz, 1H), 5.18 (s, 2H), 3.99 − 
3.87 (m, 4H), 1.46 (s, 6H), 0.11 (s, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 158.1, 150.7, 137.2, 136.6, 128.7, 127.8, 127.7, 
126.5, 120.1, 98.0, 64.7, 49.9, 40.3, 29.8, − 7.3 ; MS m/z : 463.1 (M++1), 91.0 (100%) ; HRMS (FAB) Calcd. 















(Z)-1-Benzyl-4-[1,1-dimethyl-3-(4-phenylcyclohex-1-enyl)propenyl]-5-[1,3]dioxolan-2-yl-1H-imidazole (158) : To a 
solution of triflate 157 in degassed DMF (0.50 ml) were added iPr2NEt (97 µl, 0.555 mmol, 10 eq.), CuI (3.2 mg, 16.7 
µmol, 30 mol%), Pd(PPh3)4 (6.5 mg, 5.6 µmol, 10 mol%), and stannane 155 (51.4 mg, 0.111 mmol, 2.0 eq.) in DMF 
(0.50 ml) at rt.  After the reaction mixture was stirred for 2.5 h, water was added and the resultant mixture was extracted 
with Et2O.  The organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue was 
purified by column chromatography (1:2 AcOEt:hexane) to give coupling product 158 as a yellow oil (25.0 mg, 0.0550 
mmol, 98%). 
IR (neat) : 2963, 2923, 2893, 1496, 1454, 1390, 1360 cm−1 ; 1H-NMR (500 MHz, CDCl3) δ: 7.30 – 7.15 (m, 11H), 6.17 (s, 
1H), 5.74 – 5.66 (m, 2H), 5.31 (s, 1H), 5.20 (s, 2H), 3.99 – 3.90 (m, 4H), 2.56 – 2.51 (m, 1H), 2.17 – 1.96 (m, 4H), 1.85 
– 1.83 (m, 1H), 1.63 – 1.57 (m, 1H), 1.55 (s, 3H), 1.54 (s, 3H) ; 13C-NMR (125 MHz, CDCl3) δ: 151.4, 147.3, 139.3, 
136.8, 136.7, 133.9, 131.2, 128.7, 128.3, 127.9, 127.6, 126.9, 125.7, 119.7, 98.1, 64.6, 49.9, 39.6, 37.6, 33.7, 31.58, 31.57, 














































第 2章第 5節 C2位の増炭反応の検討 
 
Alcohol 152a and indoline 152b : To a solution of TBS ether 150 (21.9 mg, 0.0317 mmol) in THF (3.1 ml) were added 
AcOH (2.9 µl, 0.0512 mmol, 1.6 eq.) and TBAF (1.0 M in THF, 63.4 µl, 0.0634 mmol, 2.0 eq.) at 0 oC.  After the 
reaction mixture was stirred for 2 h, the reaction was quenched with a saturated NH4Cl solution.  The mixture was 
extracted with AcOEt, washed with brine, dried over Na2SO4, and concentrated in vacuo. The residue was purified by 
column chromatography (6:1 AcOEt:hexane) to give the mixture of alcohol 152a and 152b as a white amorphous solid 
(16.2 mg, 0.0283 mmol, 89%). 
IR (neat) : 3347, 2977, 2930, 2221, 1714, 1500, 1455, 1392, 1365 cm−1 ; MS m/z : 571 (M++1), 91 (100%) ; HRMS 
(FAB) Calcd. C33H38O5N4 : 571.6864, Found : 571.2913 
 
Aldehyde 159 (Table 11, entry 6) : To a solution of alcohol 152a and 152b (178 mg, 0.312 mmol) in DMSO (3.0 ml) 
was added IBX (175 mg, 0.624 mmol, 2.0 eq.) at rt.  After the reaction mixture was stirred for 2.0 h, the reaction was 
quenched with a saturated NaHCO3 solution.  The mixture was extracted with AcOEt, washed with brine, dried over 
Na2SO4, and concentrated in vacuo.  The residue was purified by column chromatography (6:1 AcOEt:hexane) to give 
aldehyde 159 as a white amorphous solid (151 mg, 0.266 mmol, 85%). 
IR (neat) : 3348, 2979, 2930, 2220, 1716, 1500, 1455, 1392, 1366 cm−1 ; 1H-NMR (500 MHz, CDCl3) δ: 9.48 (s, 1H), 
7.55 (d, J = 7.3 Hz, 1H), 7.40 – 7.18 (m, 9H), 6.64 (s, 1H), 5.76 (s, 1H), 5.22 (s, 2H), 4.08 – 3.96 (m, 4H), 3.00 (d, J = 
15.6 Hz, 1H), 2.24 (d, J = 15.6 Hz, 1H), 1.80 (s, 3H), 1.74 (s, 3H), 1.21 (br, 9H) ; 13C-NMR (125 MHz, CDCl3) δ: 198.6, 
153.6, 153.5, 146.6, 138.3, 137.5, 136.3, 129.6, 128.8, 128.0, 127.5, 127.2, 122.6, 122.0, 120.9, 109.6, 97.3, 80.9, 74.2, 
69.7, 65.2, 64.8, 50.0, 47.2, 32.3, 30.8, 27.9 ; MS m/z: 569 (M++1), 91 (100%) ; HRMS (FAB) Calcd. C33H37O5N4 : 
569.2764, Found : 569.2773 
 
Methyl ester 160 : To a solution of aldehyde 159 (50.1 mg, 0.0881 mmol) in tBuOH (0.88 ml) were added 
2-methyl-2-butene (94 µl, 0.881 mmol, 10 eq.) and NaH2PO4 aq. (0.52 M, 0.339 ml, 0.176 mmol, 2.0 eq.) and NaClO2 


















































































was added and the resultant solution was extracted with CHCl3.  The organic layer was washed with brine, dried over 
Na2SO4, and concentrated in vacuo.  To a solution of crude mixture in CH2Cl2 (1.0 ml) at 0 oC was added a solution of 
CH2N2 in Et2O (0.7 ml).  The reaction was allowed to warm to rt and stirred for 1 h.  The mixture was concentrated in 
vacuo.  The residue was purified by column chromatography (2:1 to 4:1 AcOEt:hexane) to give methyl ester 160 as a 
white amorphous solid (43.8 mg, 0.0732 mmol, 83% for 2 steps ) 
IR (neat) : 3405, 2979, 2928, 2215, 1718, 1499, 1455, 1365 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.54 (d, J = 7.6 Hz, 
1H), 7.38 – 7.19 (m, 9H), 6.69 (s, 1H), 6.36 (br, 1H), 5.23 (s, 2H), 4.06 – 3.96 (m, 4H), 3.66 (s, 3H), 3.04 (d, J = 15.2 Hz, 
1H), 2.16 (d, J = 15.2 Hz, 1H), 1.79 (s, 3H), 1.74 (s, 3H), 1.21 (br, 9H) ; 13C-NMR (125 MHz, CDCl3) δ: 170.6, 166.9, 
153.6, 153.3, 146.3, 138.3, 137.4, 136.5, 129.4, 128.7, 127.9, 127.5, 126.9, 121.83, 121.80, 121.0, 108.7, 97.3, 80.6, 74.4, 
69.3, 65.1, 64.8, 52.0, 50.0, 39.6, 32.3, 31.1, 30.3, 27.9 ; MS m/z : 599 (M++1), 91 (100%) ; HRMS (FAB) Calcd. 
C34H38O6N4 : 599.2869, Found : 599.2894 
 
Aldehyde 161 : To a solution of acetal 160 (130 mg, 0.217 mmol) in acetone/H2O (2.2/0.20 ml) was added TsOH•H2O 
(8.3 mg, 43.5 µmol, 20 mol%) at rt.  After the reaction mixture was stirred for 30 min at 50 oC, the reaction was 
quenched with a saturated NaHCO3 solution.  The mixture was extracted with AcOEt, washed with brine, dried over 
Na2SO4, and concentrated in vacuo.  The residue was purified by column chromatography (2:1 AcOEt:hexane 
containing 2% Et3N) to give aldehyde 161 as a yellow oil (107 mg, 0.193 mmol, 89%). 
IR (neat) : 3390, 2925, 2360, 1719, 1664, 1499, 1455, 1364 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 10.6 (s, 1H), 7.54 (d, J 
= 7.8 Hz, 1H), 7.51 (s, 1H), 7.39 – 7.31 (m, 3H), 7.26 – 7.21 (m, 5H), 6.34 (br, 1H), 5.52 (s, 2H), 3.65 (s, 3H), 2.81 (d, J 
= 15.1 Hz, 1H), 2.26 (d, J = 15.1 Hz, 1H), 1.83 (s, 6H), 1.19 (br, 9H) ; 13C-NMR (125 MHz, CDCl3) δ: 180.3, 170.2, 
166.4, 157.6, 153.3, 140.7, 138.4, 135.6, 129.6, 128.9, 128.7, 128.3, 127.8, 127.2, 125.7, 122.0, 121.8, 107.3, 80.7, 75.7, 
69.3, 52.1, 51.0, 39.8, 33.4, 31.3, 31.1, 27.8 ; MS m/z : 555 (M++1), 91 (100%) ; HRMS (FAB) Calcd. C32H34O5N4 : 



















第 2章第 6節 アルキニルイミダゾール 171をカップリングパートナーとして用いた検討 
 












Ethyl 2-(1-Benzyl-5-ethynyl-1H-imidazol-4-yl)-2-methylpropiolate (169) : To a solution of aldehyde 144 (111 mg, 
0.370 mmol) in MeOH (2.0 ml) at rt were added dimethyl-1-diazo-2-oxopropylphosphonate (106 mg, 0.554 mmol, 1.5 
eq.) in MeOH (1.7 ml) and K2CO3 (102 mg, 0.739 mmol, 2.0 eq.).  After the reaction mixture was stirred for 10 h, water 
was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, dried over 
MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:1 AcOEt:hexane) to give 
alkyne 169 as a yellow oil (75.9 mg, 0.256 mmol, 70%). 
IR (neat) : 3280, 2980, 2935, 2106, 1728, 1496, 1469, 1455, 1384, 1362 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.37 (s, 
1H), 7.34 – 7.31 (m, 3H), 7.19 – 7.17 (m, 2H), 5.13 (s, 2H), 4.15 (q, J =7.3 Hz, 2H), 3.58 (s, 1H), 1.65 (s, 6H), 1.20 (t, J 
= 7.3 Hz, 3H) ; 13C-NMR (100 MHz, CDCl3) δ: 179.3, 175.8, 150.7, 140.7, 135.8, 128.9, 128.1, 127.4, 87.7, 72.5, 60.7, 
49.2, 44.1, 25.4, 14.1 ; MS m/z : 296 (M+), 223 (100%) ; HRMS (EI) Calcd. C18H20N2O2 : 296.1525, Found : 296.1532 
 
Ethyl 2-(1-Benzyl-5-triethylsilanylethynyl-1H-imidazol-4-yl)-2-methylpropiolate (170) : To a solution of alkyne 169 
(40.9 mg, 0.138 mmol) in THF (1.4 ml) at −78 oC was added LHMDS (1.6 M in THF, 0.13 ml, 0.207 mmol, 1.5 eq.).  
After the reaction mixture was stirred for 1 h, TESCl (0.035 ml, 0.207 mmol, 1.5 eq.) was added.  The reaction mixture 
was gradually allowed to warm up to 0 oC.  After the reaction mixture was stirred for 30 min, the reaction was quenched 
with saturated NH4Cl solution and the resultant solution was extracted with AcOEt.  The organic layer was washed with 
brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:2 
AcOEt:hexane) to give alkyne 170 as a yellow oil (43.1 mg, 0.105 mmol, 76%). 
IR (neat) : 2955, 2874, 2150, 1733, 1456 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.36 – 7.26 (m, 4H), 7.18 (d, J = 6.4 Hz, 
2H), 5.12 (s, 2H), 4.13 (q, J = 7.2 Hz, 2H), 1.65 (s, 6H), 1.19 (t, J = 7.2 Hz, 3H), 0.97 (t, J = 8.4 Hz, 9H), 0.61 (q, J = 8.4 
Hz, 6H) ; 13C-NMR (100 MHz, CDCl3) δ: 175.8, 150.3, 136.0, 135.6, 128.8, 128.1, 127.4, 112.1, 103.2, 94.2, 60.7, 49.3, 
44.2, 25.4, 14.1, 7.4, 4.3 ; MS m/z : 410.2 (M+), 337.2 (100%) ; HRMS (EI) Calcd. C24H34N2O2 : 410.2390, Found : 
410.2401 
 
1-Benzyl-4-(1,1-dimethylprop-2-ynyl)-5-triethylsilanylethynyl-1H-imidazole (171) : To a solution of ester 170 (43.1 
mg, 0.106 mmol) in THF (1.1 ml) at −78 oC was added DIBAL-H (1.0 M in toluene, 0.127 ml, 0,127 mmol, 1.2 eq.).  
The reaction mixture was gradually allowed to warm up to 0 oC.  After the reaction mixture was stirred for 20 min, the 
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and concentrated in vacuo.  The resulting mixture was extracted with AcOEt.  The organic layer was washed with 
brine, dried over Na2SO4, and concentrated in vacuo to give corresponding crude mixture of alcohol and aldehyde, which 
was used in the next step without further purification. 
To a solution of crude mixture in DMSO (1.0 ml) was added IBX (35.6 mg, 0.127 mmol, 1.2 eq.) at rt.  After the 
reaction mixture was stirred for 2.0 h, the reaction was quenched with a saturated NaHCO3 solution.  The mixture was 
extracted with AcOEt, washed with brine, dried over MgSO4, and concentrated in vacuo to give corresponding crude 
aldehyde, which was used in the next step without further purification. 
To a solution of crude aldehyde in MeOH (0.50 ml) at rt were added dimethyl-1-diazo-2-oxopropylphosphonate (20 mg, 
0.106 mmol, 1.0 eq.) in MeOH (0.50 ml) and K2CO3 (22 mg, 0.159 mmol, 1.5 eq.).  After the reaction mixture was 
stirred for 30 min, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed 
with brine, dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:3 to 
1:2 AcOEt:hexane) to give alkyne 171 as a yellow oil (20.8 mg, 0.0574 mmol, 54% for 3 steps) 
IR (neat) : 3309, 2955, 2931, 2914, 2874, 2149, 1457 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.35 – 7.30 (m, 4H), 7.22 – 
7.20 (m, 2H), 5.12 (s, 2H), 2.26 (s, 1H), 1.71 (s, 6H), 0.99 (t, J = 8.0 Hz, 9H), 0.63 (q, J = 8.0 Hz, 6H) ; 13C-NMR (100 
MHz, CDCl3) δ: 150.7, 135.9, 135.6, 128.9, 128.1, 127.6, 111.5, 103.7, 94.5, 90.1, 68.4, 49.3, 32.8, 29.6, 7.5, 4.3 ; MS 



















3-tert-Butoxycarbonylamino-3-(2-pivaloyloxyethyl)-2,3-dihydro-1H-indol-2-one (172) : To a solution of alcohol 130c 
(1.03 g, 3.51 mmol) in CH2Cl2 (18 ml) were added pyridine (1.42 ml, 17.5 mmol, 5.0 eq.), PivCl (1.51 ml, 12.3 mmol, 
3.5 eq.), and DMAP (43 mg, 0.351 mmol, 10 mol%) at 0 oC.  After the reaction mixture was stirred for 11 h, water was 
added and the resultant mixture was extracted with AcOEt. The extracts were washed with 10% HCl and brine, dried 
over MgSO4, and concentrated in vacuo. The residue was purified by column chromatography (1:2 AcOEt:hexane) to 
give Piv ester 172 as a white amorphous solid (1.28 mg, 3.40 mmol, 97%). 
IR (neat) : 3271, 2977, 1728, 1622, 1473, 1367 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 8.72 (br, 1H), 7.22 – 7.21 (m, 2H), 
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(s, 18H) ; 13C-NMR (100 MHz，CDCl3) δ: 178.7, 178.0, 153.8, 140.4, 130.5, 128.9, 123.0, 122.6, 110.4, 80.6, 60.9, 59.9, 
38.7, 35.8, 28.0, 27.0 ; MS m/z : 376 (M+), 147 (100%) ; HRMS (EI) Calcd. C20H28O5N2 : 376.1998, Found : 376.1989 
 
Coupling product 173 : To a mixture of lactam 172 (147 mg, 0.389 mmol) and 2,6-lutidine (0.137 ml, 1.17 mmol, 3.0 
eq.) in CH2Cl2 (3.9 ml) was added Tf2O (0.099 ml, 0.586 mmol, 1.5 eq.) at −78 oC.  After the reaction mixture was 
stirred for 1 h, 2-propanol (0.298 ml, 3.89 mmol, 10 eq.) was added and stirred for 1 h.  The reaction was quenched with 
a saturated NaHCO3 solution.  The mixture was extracted with Et2O, washed with brine, dried over MgSO4, and 
concentrated in vacuo to give corresponding crude triflate as yellow oil, which was used in the next step without further 
purification. 
 To a solution of triflate in degassed THF (0.90 ml) were added Et3N (0.547 ml, 3.89 mmol, 10 eq.), alkyne 171 (134 mg, 
0.370 mmol, 0.95 eq.) in THF (1.0 ml), CuI (22.0 mg, 0.117 mmol, 30 mol%) and Pd(PPh3)4 (45.0 mg, 38.9 µmol, 10 
mol%) at rt.  After the reaction mixture was stirred for 3 h, water was added and the resultant mixture was extracted 
with AcOEt.  The organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue 
was purified by column chromatography (1:4 to 1:0 AcOEt:hexane) to give coupling product 173 as a colorless oil (163 
mg, 0.226 mmol, 58%). 
IR (neat) : 3437, 3369, 3267, 2957, 2933, 2874, 2224, 2151, 1719, 1707, 1456, 1365 cm−1 ; 1H-NMR (400 MHz, CDCl3) 
δ: 7.50 (d, J = 7.8 Hz, 1H), 7.35 – 7.31 (m, 5H), 7.24 – 7.22 (m, 4H), 5.74 (br, 1H), 5.12 (s, 2H), 4.13 – 4.03 (m, 2H), 
2.31 – 2.28 (m, 1H), 2.04 – 1.96 (m, 1H), 1.82 (s, 6H), 1.17 (s, 18H), 0.96 (t, J = 8.0 Hz, 9H), 0.23 (q, J = 8.0 Hz, 6H) ; 
13C-NMR (100 MHz, CDCl3) δ: 177.9, 168.0, 153.8, 153.6, 149.6, 139.0, 135.84, 135.80, 129.0, 128.9, 128.2, 127.7, 
126.6, 122.1, 121.7, 111.6, 109.2, 103.8, 94.5, 80.2, 74.8, 71.1, 60.4, 49.3, 38.6, 35.3, 34.1, 28.9, 27.9, 27.0, 7.5, 4.3 ; MS 
m/z : 722 (M++1), 91 (100%) ; HRMS (FAB) Calcd. C43H56O4N4Si : 721.0146, Found : 721.3638 
 
Iodoacetylene 174 : To a solution of TES acetylene 173 (282 mg, 0.391 mmol) in THF (2.0 ml) was added TBAF (1.0 M 
in THF, 0.587 ml, 0.587 mmol, 1.5 eq.) at 0 oC.  After the reaction mixture was stirred for 10 min, the reaction was 
quenched with a saturated NH4Cl solution.  The mixture was extracted with AcOEt, washed with brine, dried over 
Na2SO4, and concentrated in vacuo to give corresponding crude acetylene, which was used in the next step without 
further purification. 
To a solution of crude acetylene in acetone (3.6 ml) were added NIS (123 mg, 0.546 mmol, 1.5 eq.) and AgNO3 (31 mg, 
0.182 mmol, 50 mol%) at 0 oC in the dark.  After the reaction mixture was stirred for 1 h, the reaction was diluted with 
AcOEt, and was quenched with saturated Na2S2O3 solution.  The mixture was washed with H2O and brine, dried over 
MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:1 to 2:1 AcOEt:hexane) to 
give iodide 174 as a yellow oil (163 mg, 0.226 mmol, 58%). 
IR (neat) : 3268, 2977, 2931, 2224, 1712, 1497, 1481, 1455, 1366 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.52 (d, J = 7.8 
Hz, 1H), 7.39 – 7.21 (m, 9H), 5.59 (br, 1H), 5.11 (s, 2H), 4.10 – 4.06 (m, 2H), 2.32 – 2.26 (m, 1H), 2.00 (dt, J = 14.5, 6.5 
Hz, 1H), 1.78 (s, 6H), 1.18 (s, 18H) ; 13C-NMR (100 MHz, CDCl3) δ: 177.9, 168.0, 153.8, 153.5, 150.4, 18.9, 135.7, 
135.5, 129.1, 129.0, 128.3, 127.8, 126.7, 122.0, 121.7, 112.4, 108.3, 82.8, 80.4, 74.8, 71.0, 60.4, 49.6, 38.6, 35.3, 33.4, 
29.2, 29.1, 27.9, 27.1 ; MS m/z : 733 (M++1), 91 (100%) ; HRMS (FAB) Calcd. C37H42O4N4I : 733.2251, Found : 
733.2258 
 
TES ether 176 : To a solution of Piv ester 174 (20.2 mg, 27.6 µmol) in MeOH (0.30 ml) was added NaOMe (7.5 mg, 
0.138 mmol, 5.0 eq.) at rt.  After the reaction mixture was stirred for 13.5 h, the reaction was quenched with a saturated 
NH4Cl solution.  The mixture was extracted with AcOEt, washed with brine, dried over Na2SO4, and concentrated in 
125 
 
vacuo to give corresponding crude alcohol, which was used in the next step without further purification. 
To a solution of crude alcohol in CH2Cl2 (0.30 ml) were added 2,6-lutidine (19.2 µl, 0.166 mmol, 6.0 eq.) and TESOTf 
(18.8 µl, 82.8 µmol, 3 eq.) at 0 oC.  After the reaction mixture was stirred for 2 h, the reaction was quenched with a 
saturated NaHCO3 solution.  The mixture was extracted with AcOEt, washed with brine, dried over Na2SO4, and 
concentrated in vacuo. The residue was purified by column chromatography (2:1 AcOEt:hexane) to give TES ether 176 
as a yellow oil (14.0 mg, 18.4 µmol, 48%). 
IR (neat) : 3374, 2955, 2932, 2874, 2360, 2223, 1713, 1497, 1455, 1365 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.51 (d, J 
= 8.0 Hz, 1H), 7.38 – 7.30 (m, 5H), 7.24 – 7.20 (m, 4H), 5.09 (s, 2H), 3.95 – 3.92 (m, 1H), 3.87 – 3.82 (m, 1H), 2.28 – 
2.21 (m, 1H), 1.78 (s, 3H), 1.76 (s, 3H), 1.50 (ddd, J = 3.2, 4.9, 14.4 Hz, 1H), 1.17 (s, 9H), 1.00 (t, J = 8.0 Hz, 9H), 0.64 
(q, J = 8.0 Hz, 6H) ; 13C-NMR (100 MHz, CDCl3) δ: 169.2, 153.7, 153.5, 150.5, 140.0, 135.6, 135.5, 129.0, 128.7, 128.3, 
127.9, 126.3, 121.8, 121.6, 120.8, 112.4, 107.2, 82.9, 79.9, 75.3, 72.0, 59.5, 49.5, 38.2, 33.4, 29.5, 29.2, 28.0, 6.79, 4.32 ; 










































Ethyl 2-[1-Benzyl-5-(2,2-dimethyl[1,3]dioxolan-4-yl)-1H-imidazol-4-yl]-2-methylpropiolate (183) : To a stirred of 
vinyl imidazole 143 (1.96 g, 6.58 mmol) and NMO (1.16 g, 9.86 mmol) in acetone/H2O (10/20 ml) was added OsO4 
(0.1965 M in THF, 1.0 ml, 0.197 mmol, 3 mol%). After being stirred for 3 h at rt, the reaction was quenched with 
saturated Na2S2O4 solution and the resultant solution was extracted with AcOEt.  The combined extracts were washed 
with brine, dried over Na2SO4, and concentrated.  
The obtained crude diol was dissolved in acetone (118 ml), and 2,2-dimethoxypropane (8.09 ml, 65.8 mmol) and TsOH･
H2O (1.38 g, 7.24 mmol, 1.1 eq.) were added.  After being stirred for 10 h at rt, saturated NaHCO3 solution was added, 
and the resulting mixture was extracted with AcOEt.  The extract was washed with H2O and brine, dried over Na2SO4, 
and concentrated.  The residue was purified by column chromatography (1:2 to 1:1 AcOEt:hexane) to give acetonide 
183 as a white amorphous solid (1.90 g, 5.09 mmol, 77% for 2 steps). 
IR (neat) : 2982, 2936, 1724, 1499, 1455, 1380 cm−1 ; 1H-NMR (400 MHz，CDCl3) δ: 7.36 – 7.26 (m, 4H), 7.10 (d, J = 
6.6 Hz, 2H), 5.34 (t, J = 8.3 Hz, 1H), 5.33 (d, J = 16.0 Hz, 1H), 5.21 (d, J = 16.0 Hz, 1H), 4.23 – 4.13 (m, 1H), 4.12 – 
4.06 (m, 1H), 4.02 (t, J = 8.3 Hz, 1H), 3.68 (t J = 8.3 Hz, 1H), 1.64 (s, 3H), 1.60 (s, 3H), 1.44 (s, 3H), 1.36 (s, 3H), 1.23 
(t, J = 7.1 Hz, 3H) ; 13C-NMR (100 MHz，CDCl3) δ: 177.3, 144.5, 137.4, 136.7, 128.8, 127.8, 126.8, 121.7, 109.2, 69.1, 
67.5, 60.9, 49.1, 43.3, 27.1, 26.6, 25.9, 23.6, 14.0 ; MS m/z : 372.2 (M+), 314.2 (100 %) ; HRMS (EI) Calcd. 
C21H28O4N2 : 372.2049, Found : 372.2019 
 
1-Benzyl-5-(2,2-dimethyl[1,3]dioxolan-4-yl)-4-(1,1-dimethylprop-2-ynyl)-1H-imidazole (184) : To a solution of ester 
183 (500 mg, 1.34 mmol) in THF (6.7 ml) at 0 oC was added LiAlH4 (61 mg, 1.61 mmol, 1.2 eq.).  After the reaction 
mixture was stirred for 20 min, the reaction was quenched with H2O.  And the resultant mixture was filtered through a 
Celite pad, and concentrated in vacuo.  The resulting mixture was extracted with AcOEt.  The organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo to afford corresponding crude alcohol, which was used 
in the next step without further purification.  
To a stirring mixture of crude alcohol and 1-Me-AZADO (11 mg, 67.1 µmol, 5 mol%) in CH2Cl2 (4.5 ml) and 
aqueous saturated NaHCO3 (2.5 ml) containing KBr (16 mg, 0.134 mmol, 10 mol%) and Bu4NBr (22 mg, 0.067 
mmol, 5 mol%) was added dropwise a premixed solution of aqueous NaOCl (2.09 M in H2O, 0.96 ml, 1.5 eq.) and 
aqueous saturated NaHCO3 (2.0 ml) at 0 οC over 5 min.  The mixture was vigorously stirred for 5 min at 0 οC, then 
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The combined organic layers were washed with brine, dried over MgSO4, and concentrated in vacuo to give 
corresponding crude aldehyde, which was used in the next step without further purification. 
To a solution of crude aldehyde in MeOH (3.7 ml) at rt were added dimethyl-1-diazo-2-oxopropylphosphonate (258 mg, 
1.34 mmol, 1.0 eq.) in MeOH (3.0 ml) and K2CO3 (278 mg, 2.01 mmol, 1.5 eq.).  After the reaction mixture was stirred 
for 1 h, water was added and the resultant solution was extracted with AcOEt.  The organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:2 to 1:1 
AcOEt:hexane) to give alkyne 184 as a colorless oil (362 mg, 1.12 mmol, 83% for 3 steps). 
IR (neat) : 3285, 2982, 2935, 1500, 1455, 1380 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.37 – 7.30 (m, 4H), 7.13 (d, J = 
6.8 Hz, 2H), 6.25 (t, J = 8.0 Hz, 1H), 5.35 (d, J = 15.9 Hz, 1H), 5.24 (d, J = 15.9 Hz, 1H), 4.18 (d, J = 8.0 Hz, 1H), 3.71 
(d, J = 8.0 Hz, 1H), 2.32 (s, 1H), 1.68 (s, 3H), 1.66 (s, 3H), 1.49 (s, 3H), 1.42 (s, 3H) ; 13C-NMR (100 MHz, CDCl3) δ: 
145.3, 137.3, 136.7, 128.9, 127.9, 126.9, 121.5, 109.0, 91.6, 69.1, 68.7, 67.2, 49.2, 31.1, 30.9, 26.0, 23.8 ; MS m/z : 324 
(M+), 253 (100%) ; HRMS (EI) Calcd. C20H24O2N2 : 324.4168, Found : 324.1822 
 
1-[1-Benzyl-4-(1,1-dimethylprop-2-ynyl)-1H-imidazol-5-yl]-2-triethylsiloxyethanol (185) : To a solution of acetonide 
184 (362 mg, 1.12 mmol) in MeOH (5.6 ml) was added TsOH•H2O (638 mg, 3.35 mmol, 3.0 eq.) at rt.  After the 
reaction mixture was stirred for 30 min at 50 oC, the reaction was quenched with a saturated NaHCO3 solution.  The 
mixture was extracted with AcOEt, washed with brine, dried over Na2SO4, and concentrated in vacuo to give 
corresponding crude diol, which was used in the next step without further purification. 
To a solution of crude diol in CH2Cl2 (5.5 ml) were added 2,6-lutidine (0.391 ml, 3.36 mmol, 3.0 eq.) and TESCl (0.282 
ml, 1.68 mmol, 1.5 eq.) at 0 oC.  After the reaction mixture was stirred for 1 h, the reaction was diluted with AcOEt and 
H2O.  The mixture was extracted with AcOEt, washed with saturated NH4Cl solution and brine, dried over Na2SO4, and 
concentrated in vacuo. The residue was purified by column chromatography (1:4 to 1:1 AcOEt:hexane) to give TES ether 
185 as a white solid (384 mg, 0.963 mmol, 86% for 2 steps).   
mp: 121 – 124 oC (AcOEt/hexane, needle) ; IR (neat) : 3254, 3114, 2952, 2875, 1505, 1456, 1356 cm−1 ; 1H-NMR (400 
MHz, CDCl3) δ: 7.36 – 7.28 (m, 4H), 7.08 (d, J = 7.1 Hz, 2H), 5.69 (dd, J = 3.9, 10.2 Hz, 1H), 5.44 (d, J = 16.1 Hz, 1H), 
5.35 (d, J = 16.1 Hz, 1H), 3.65 (dd, J = 3.9, 10.2 Hz, 1H), 3.45 (dd, J = 10.2, 10.2 Hz, 1H), 2.92 (br, 1H), 2.25 (s, 1H), 
1.67 (s, 3H), 1.66 (s, 3H), 0.88 (t, J = 8.0 Hz, 9H), 0.50 (q, J = 8.0 Hz, 6H) ; 13C-NMR (100 MHz, CDCl3) δ: 143.5, 
137.3, 137.1, 128.8, 127.7, 126.6, 123.8, 91.4, 68.7, 66.9, 65.1, 49.8, 31.2, 31.0, 30.9, 6.6, 4.1 ; MS m/z : 398 (M+), 253 
(100%) ; HRMS (EI) Calcd. C23H34O2N2Si : 398.6138, Found : 398.2382 
 
1-[1-Benzyl-4-(1,1-dimethyl-prop-2-ynyl)-1H-imidazol-5-yl]-2-triethylsiloxy-ethanone (186) : To a stirring mixture 
of alcohol 185 (349 mg, 0.876 mmol) and 1-Me-AZADO (7.3 mg, 43.8 µmol, 5 mol%) in CH2Cl2 (6.0 ml) and 
aqueous saturated NaHCO3 (3.0 ml) containing KBr (10 mg, 87.6 µmol, 10 mol%) and Bu4NBr (14 mg, 43.8 µmol, 
5 mol%) was added dropwise a premixed solution of aqueous NaOCl (2.09 M in H2O, 0.838 ml, 2.0 eq.) and 
aqueous saturated NaHCO3 (3.0 ml) at 0 οC over 5 min.  The mixture was vigorously stirred for 15 min at 0 οC, 
then the reaction was quenched with aqueous Na2SO3.  The aqueous layer was separated and extracted with 
CH2Cl2.  The combined organic layers were washed with brine, dried over MgSO4, and concentrated in vacuo.  
The residue was purified by column chromatography (1:4 to 1:2 AcOEt:hexane) to give ketone 186 as a colorless oil (324 
mg, 0.817 mmol, 85%). 
IR (neat) : 3308, 2955, 2876, 1693, 1497, 1456, 1380, 1357 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.46 (s, 1H), 7.32 – 
7.30 (m, 3H), 7.07 (d, J = 6.1 Hz, 2H), 5.21 (s, 2H), 4.62 (s, 2H), 2.30 (s, 1H), 1.69 (s, 6H), 0.91 (t, J = 8.0 Hz, 9H), 0.55 
(q, J = 8.0 Hz, 6H) ; 13C-NMR (100 MHz, CDCl3) δ: 195.5, 149.6, 138.2, 135.8, 128.9, 128.2, 127.4, 125.0, 90.6, 70.6, 
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Coupling product 187 : To a mixture of lactam 172 (103 mg, 0.274 mmol) and 2,6-lutidine (96 µl, 0.821 mmol, 3.0 eq.) 
in CH2Cl2 (1.4 ml) was added Tf2O (69 µl, 0.411 mmol, 1.5 eq.) at −78 oC.  After the reaction mixture was stirred for 1 
h, 2-propanol (0.210 ml, 2.74 mmol, 10 eq.) was added and stirred for 60 min.  The reaction was quenched with a 
saturated NaHCO3 solution.  The mixture was extracted with Et2O, washed with brine, dried over MgSO4, and 
concentrated in vacuo to give corresponding crude triflate as orange oil, which was used in the next step without further 
purification. 
 To a solution of triflate in degassed THF (0.70 ml) were added Et3N (0.383 ml, 2.74 mmol, 10 eq.), alkyne 186 (109 mg, 
0.274 mmol, 1.0 eq.) in THF (0.70 ml), CuI (16 mg, 82.1 µmol, 30 mol%), and Pd(PPh3)4 (38 mg, 32.9 µmol, 12 mol%) 
at rt.  After the reaction mixture was stirred for 1 h, water was added and the resultant mixture was extracted with 
AcOEt.  The organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo.  The residue was 
purified by column chromatography (1:2 to 2:1 AcOEt:hexane) to give coupling product 187 as a red oil (135 mg, 0.179 
mmol, 65% for 2 steps). 
IR (neat) : 3438, 3312, 2958, 2876, 2222, 1723, 1498, 1480, 1456, 1366 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.50 – 
7.48 (m, 2H), 7.34 – 7.23 (m, 6H), 7.04 (d, J = 6.8 Hz, 2H), 5.29 (d, J = 15.6 Hz, 1H), 5.24 (d, J = 15.6 Hz, 1H), 4.87 (d, 
J = 18.0 Hz, 1H), 4.64 (d, J = 18.0 Hz, 1H), 3.94 – 3.88 (m, 1H), 3.81 – 3.78 (m, 1H), 2.27 – 2.23 (m, 1H), 2.10 – 2.04 
(m, 1H), 1.83 (s, 3H), 1.81 (s, 3H), 1.14 (br, 18H), 0.88 (t, J = 8.0 Hz, 9H), 0.50 (q, J = 8.0 Hz, 6H) ; 13C-NMR (100 
MHz, CDCl3) δ: 194.5, 178.0, 153.8, 153.5, 149.2, 138.9, 138.6, 135.7, 129.0, 128.9, 128.3, 127.4, 126.9, 125.2, 121.8, 
121.7, 107.0, 80.1, 76.1, 70.3, 60.1, 50.2, 38.6, 34.6, 33.6, 30.9, 30.7, 27.9, 27.0, 6.7, 4.3 ; MS m/z : 755 (M++1), 91 
(100%) ; HRMS (FAB) Calcd. C43H59O6N4Si : 755.4204, Found : 755.4190 
 
Alkene 189 (Table 14, entry 1): To a solution of TES ether 187 (149 mg, 0.256 mmol) in THF (2.6 ml) was added TBAF 
(1.0 M in THF, 0.307 ml, 0.307 mmol, 1.2 eq.) at −20 oC.  After the reaction mixture was stirred for 10 min, the reaction 
was quenched with a saturated NH4Cl solution.  The mixture was extracted with AcOEt, washed with brine, dried over 
Na2SO4, and concentrated in vacuo.  The residue was purified by column chromatography (1:1 to 2:1 AcOEt:hexane) to 
give ether 189 as a yellow amorphous solid (149 mg, 0.232 mmol, 91%). 
IR (neat) : 3261, 2976, 2932, 1714, 1701, 1513, 1480, 1456, 1366 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.60 – 7.58 (m, 
2H), 7.37 – 7.17 (m, 8H), 6.06 (s, 1H), 5.47 (s, 2H), 5.02 (d, J = 18.4 Hz, 1H), 4.84 (d, J = 18.4 Hz, 1H), 4.05 – 4.02 (m, 
2H), 2.26 (br, 1H), 1.72 (s, 3H), 1.69 (s, 3H), 1.62 (br, 1H), 1.21 (s, 9H), 1.01 (br, 9H) ; 13C-NMR (100 MHz, CDCl3) δ: 
191.4, 178.0, 176.1, 172.3, 157.1, 154.9, 142.3, 137.9, 136.1, 129.2, 129.0, 128.8, 128.2, 128.1, 127.7, 126.0, 125.3, 
123.9, 121.7, 121.5, 101.6, 80.1, 77.4, 70.4, 60.6, 51.1, 46.3, 38.7, 34.8, 27.8, 27.1 ; MS m/z : 641 (M++1), 641 (100%) ; 
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Alcohol 188 (Table 14, entry 4) : To a solution of TES ether 187 (21.3 mg, 0.0282 mmol) in THF (1.5 ml) was added a 
buffered solution of HF･Py (stock solution prepared from 1.0 ml of HF･Py, 2.0 ml of pyridine, and 8.0 ml of THF, 0.20 
ml) at 0 oC.  After the reaction mixture was stirred for 20 min, the buffered solution of HF･Py (0.10 ml) was added.  
After the reaction mixture was stirred for 40 min, the reaction was quenched with a saturated NaHCO3 solution.  The 
mixture was extracted with AcOEt, washed with brine, dried over Na2SO4, and concentrated in vacuo.  The residue was 
purified by column chromatography (2:1 AcOEt:hexane) to give alcohol 188 with some by-products as a white 
amorphous solid (17.8 mg, <0.232 mmol, <95%). 
IR (neat) : 3266, 2977, 2933, 2223, 1713, 1480, 1367 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.54 (s, 1H), 7.50 (d, J = 7.6 
Hz, 1H), 7.37 – 7.32 (m, 6H), 7.10 (d, J = 6.4 Hz, 2H), 5.19 (s, 2H), 4.59 (br, 2H), 4.09 – 4.02 (m, 2H), 2.23 – 2.16 (m, 
1H), 1.90 – 1.84 (m, 1H), 1.80 (s, 3H), 1.79 (s, 3H), 1.14 (s, 9H), 1.14 (br, 9H) ; MS m/z : 641 (M++1), 641 (100%) ; 














Ketone 198 (Table 16, entry 6) : A solution of alkene 189 (549 mg, 0.857 mmol) in THF (34 ml) was hydrogenated in 
the presence of 10% Pd/C (549 mg) under atmospheric pressure of H2.  After the reaction mixture was stirred for 14 h, 
the mixture was filtered through a Celite pad.  The filtrate was concentrated in vacuo to give corresponding crude 
alkane, which was used in the next step without further purification. 
The solution of crude imidazole in DMF (8.6 ml) were added K2CO3 (592 mg, 4.28 mmol, 5.0 eq.) and BnBr (0.296 ml, 
2.57 mmol, 3.0 eq.) at rt.  After the reaction mixture was stirred for 2 h, the reaction was quenched with a saturated 
NH4Cl solution at 0 oC.  The mixture was extracted with AcOEt, washed with brine, dried over Na2SO4 and 
concentrated in vacuo.  The residue was purified by column chromatography (1:1 to 2:1 AcOEt:hexane) to give ketone 
198 as a white amorphous solid (382 mg, 0.594 mmol, 69% for 2 steps). 
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1H), 7.49 – 7.47 (m, 1H), 7.36 – 7.15 (m, 8H), 5.53 (d, J = 15.2 Hz, 1H), 5.48 (d, J = 15.2 Hz, 1H), 4.08 (d, J = 18.0 Hz, 
1H), 4.54 (d, J = 8.8 Hz, 1H), 4.27 (d, J = 18.0 Hz, 1H), 4.09 (br, 1H), 3.88 (br, 1H), 2.81 – 2.77 (m, 2H), 2.35 – 2.28 (m, 
1H), 1.69 – 1.63 (m, 1H), 1.49 (s, 3H), 1.40 (s, 3H), 1.28 (s, 9H), 1.28 – 1.11 (br, 9H) ; 13C-NMR (125 MHz, CDCl3) δ: 
194.1, 184.4, 177.7, 159.8, 153.7, 142.2, 136.4, 128.9, 128.6, 127.7, 127.24, 127.16, 125.4, 124.0, 121.4, 120.7, 120.5, 
83.4, 80.2, 78.1, 70.1, 60.1, 50.7, 43.9, 38.5, 34.1, 30.3, 27.7, 27.0, 26.1, 22.5 ; MS m/z : 642 (M+), 562 (100%) ; HRMS 
(FAB) Calcd. C37H46O6N4 : 642.3417, Found : 642.3418 
 
Hemiacetal 203 : A solution of ketone 198 (22.4 mg, 0.0348 mmol) in THF (0.35 ml) was added NaHMDS (0.5 M in 
THF, 0.0871 mmol, 0.174 ml) slowly at −78 oC.  After the reaction mixture was stirred for 15 min, 
3-butyl-1,2-benzisothiazole 1,1-dioxide oxide 206 (25 mg, 0.105 mmol, 3.0 eq.) in THF (1.0 ml) was added.  After the 
reaction mixture was stirred for 30 min, the reaction mixture was quenched with AcOH (0.5 M in THF, 0.209 ml, 0.105 
mmol, 3.0 eq.) and H2O.  The mixture was extracted with AcOEt, washed with brine, dried over Na2SO4, and 
concentrated in vacuo.  The residue was purified by column chromatography (1:1 to 4:1 AcOEt:hexane) to give 
hemiacetal 203 as a yellow amorphous solid (15.3 mg, 0.0232 mmol, 67%). 
IR (neat) : 3346, 3276, 2979, 2931, 1720, 1709, 1662, 1513, 1459, 1367 cm−1 ; 1H-NMR (500 MHz, CDCl3) δ: 7.65 (s, 
1H), 7.46 (d, J = 4.4 Hz, 1H), 7.32 – 7.12 (m, 8H), 5.57 (d, J = 12.0 Hz, 1H), 5.49 (s, 1H), 5.37 (d, J = 12.0 Hz, 1H), 4.86 
(br, 1H), 4.16 – 4.11 (m, 2H), 2.90 – 2.81 (m, 2H), 2.40 – 2.34 (m, 1H), 1.78 (m, 1H), 1.47 (s, 3H), 1.44 (s, 3H), 1.21 (br, 
18H) ; 13C-NMR (125 MHz, CDCl3) δ: 190.6, 184.7, 178.2, 160.7, 153.8, 142.9, 136.1, 129.1, 128.9, 128.8, 128.1, 127.9, 
127.3, 125.6, 123.0, 121.6, 120.9, 98.8, 80.8, 77.3, 70.4, 60.9, 51.1, 43.5, 38.7, 34.1, 30.7, 27.9, 27.2, 25.5, 23.6 ; MS 
m/z : 659 (M++1), 57 (100%) ; HRMS (FAB) Calcd. C37H47O7N4 : 659.3445, Found : 659.3424 
 
N,O-acetal 208 (Table 19, entry 4) : A solution of hemiacetal 203 (11.9 mg, 0.0181 mmol) in CH2Cl2 (0.36 ml) were 
added 2,6-di-tert-butyl-4-methylpyridine (22 mg, 0.108 mmol, 6.0 eq.) and TMSOTf (0.013 ml, 0.0723 mmol, 4.0 eq.).  
After the reaction mixture was stirred for 1 h, the reaction mixture was quenched with saturated NaHCO3 solution.  The 
mixture was extracted with AcOEt, washed with brine, dried over Na2SO4 and concentrated in vacuo.  The residue was 
purified by column chromatography (2:1 to 1:0 AcOEt:hexane) to give a mixture of N,O-acetal 203 and undesired 
products as red oil (6.9 mg). Then the red oil was purified by reverse HPLC to give N,O-acetal 203 (2.5 mg, 4.6 µmol, 
26%). (Caution : After the purification by reverse HPLC, the solvent needed to be removed – 5 oC under high vacuum.) 
 
HPLC condition and column chromatogram. 
Column : Hydrosphere C 18 









IR (neat) : 3368, 3295, 2961, 2927, 1725, 1660, 1458 cm−1 ; 1H-NMR (400 MHz, CDCl3) δ: 7.60 (s, 1H), 7.47 (d, J = 7.6 
Hz, 1H), 7.38 – 7.18 (m, 8H), 5.66 (s, 1H), 5.49 (d, J = 15.2 Hz, 1H), 5.42 (d, J = 15.2Hz, 1H), 4.57 (d, J = 9.6 Hz, 1H), 
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4.05 – 3.99 (m, 1H), 3.93 – 3.86 (m, 1H), 3.03 (d, J = 18.8 Hz, 1H), 2.88 (dd, J = 9.6, 18.8 Hz, 1H), 2.35 – 2.28 (m, 1H), 
1.99 – 1.93 (m, 1H), 1.54 (s, 3H), 1.37 (s, 3H), 1.13 (s, 9H) ; 13C-NMR (125 MHz, CDCl3) δ: 192.8, 186.7, 178.3, 160.0, 
153.3, 142.5, 142.2, 136.3, 129.2, 128.8, 128.1, 127.8, 126.1, 123.2, 122.5, 120.7, 98.9, 77.2, 69.8, 60.4, 50.8, 43.4, 38.7, 
35.6, 30.2, 27.1, 26.5, 22.5 ; MS m/z : 541 (M++1), 91 (100%) ; HRMS (FAB) Calcd. C32H37O4N4 : 541.2815, Found : 
541.2806 
 
*sWhen 64.9 mg of hemiacetal 203 was used, the diastereo-mixture of 208 was obtained.   
dr = ca. 2:1 ; δ: 7.61 (s, 0.33H), 7.60 (s, 0.67H), 7.50 (d, J = 7.8 Hz, 0.33H), 7.47 (d, J = 7.6 Hz, 0.67H), 7.37 – 7.18 (m, 
8H), 5.66 (s, 0.67H), 5.51 (d, J = 18.6 Hz, 0.33H), 5.49 (d, J = 15.2 Hz, 0.67H), 5.46 (s, 0.33H), 5.46 (d, J = 18.6 Hz, 
0.33H), 5.42 (d, J = 15.2 Hz, 0.67H), 4.95 (d, J = 10.2 Hz, 0.33H), 4.57 (d, J = 9.6 Hz, 0.67H), 4.05 – 3.99 (m, 0.67H), 
3.93 – 3.86 (m, 0.67H), 3.84 – 3.77 (m, 0.33H), 3.16 (d, J = 18.6 Hz, 0.33H), 3.03 (d, J = 18.8 Hz, 0.67H), 2.88 (dd, J = 
9.6, 18.8 Hz, 0.66H), 2.86 (m, 0.33H), 2.43 – 2.40 (m, 0.33H), 2.35 – 2.28 (m, 0.67H), 2.13 – 2.08 (m, 0.33H), 1.99 – 
1.93 (m, 0.67H), 1.54 (s, 2.01H), 1.47 (s, 0.99H), 1.42 (s, 0.99H), 1.37 (s, 2.01H), 1.13 (s, 6.03H), 1.11 (s, 2.97H) ; 
13C-NMR (125 MHz, CDCl3) δ: 192.8, 191.1, 187.8, 186.7, 178.4, 178.3, 160.0, 159.5, 153.3, 151.5, 142.6, 142.5, 142.2, 
141.2, 136.3, 136.2, 129.5, 129.2, 128.9, 128.8, 128.15, 128.06, 127.9, 127.8, 126.7, 126.1, 123.3, 123.2, 122.5, 122.3, 
120.7, 120.4, 98.9, 97.2, 77.2, 73.3, 70.1, 69.8, 60.2, 60.4, 51.0, 50.8, 43.4, 38.7, 36.0, 35.6, 30.2, 28.4, 27.2, 27.1, 26.5, 








TMS ether 209 : A solution of hemiacetal 203 (40.4 mg, 0.0613 mmol) in CH2Cl2 (1.2 ml) were added 
2,6-di-tert-butyl-4-methylpyridine (76 mg, 0.368 mmol, 6.0 eq.) and TMSOTf (0.044 ml, 0.245 mmol, 4.0 eq.) at −40 oC.  
After the reaction mixture was stirred for 10 min,  the reaction mixture was quenched with saturated NaHCO3 solution.  
The mixture was extracted with AcOEt, washed with brine, dried over Na2SO4, and concentrated in vacuo.  The residue 
was purified by column chromatography (1:2 to 1:1 AcOEt:hexane) to give the TMS ether 209 (17.8 mg, 0.0244 mmol, 
40%) as a yellow oil. 
IR (neat) : 3346, 3276, 2971, 2931, 1720, 1709, 1662, 1513, 1459, 1367 cm−1 ; 1H-NMR (500 MHz, CDCl3) δ: 7.60 (s, 
1H), 7.50 (d, J = 6.0 Hz, 1H), 7.37 – 7.18 (m, 8H), 5.72 (br, 1H), 5.49 (d, J = 12.4 Hz, 1H), 5.44 (d, J = 12.4 Hz, 1H), 
4.59 (dd, J = 1.6, 7.2 Hz, 1H), 4.19 (br, 2H), 2.88 (dd, J = 1.6, 14.4 Hz, 1H), 2.81 (dd, J = 7.2, 14.4 Hz, 1H), 2.36 – 2.30 
(m, 1H), 1.62 – 1.58 (m, 1H), 1.52 (s, 3H), 1.35 (s, 3H), 1.26 (br, 18H), 0.016 (s, 9H) ; 13C-NMR (125 MHz, CDCl3) δ: 
192.1, 184.1, 177.5, 159.4, 153.4, 142.0, 135.8, 128.7, 128.4, 127.6, 127.3, 125.1, 122.9, 121.3, 120.6, 98.4, 80.0, 77.3, 
69.8, 60.5, 50.4, 42.8, 38.4, 33.9, 30.0, 27.5, 26.8, 25.9, 22.1, 0.0 ; MS m/z : 731 (M++1), 731 (100%) ; HRMS (FAB) 
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